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ABSTRACT 


The domestic dog, as a highly successful 
domestication model, is well known as a favored 
human companion. Exploring its domestication 
history should provide great insight into our 
understanding of the prehistoric development of 
human culture and productivity. Furthermore, 
investigation on the mechanisms underpinning the 
morphological and behavioral traits associated with 
canid domestication syndrome is of significance not 
only for scientific study but also for human medical 
research. Current development of a multidisciplinary 
canine genome database, which includes enormous 
omics data, has substantially improved our 
understanding of the genetic makeup of dogs. Here, 
we reviewed recent advances associated with the 
original history and genetic basis underlying 
environmental adaptations and phenotypic diversities 
in domestic dogs, which should provide perspectives 
on improving the communicative relationship 
between dogs and humans. 


Keywords: Dog; Domestication history; Adaptation; 
Phenotypic diversity, Domestic legacy 


INTRODUCTION 


Dogs, as the first domesticated mammal, have interacted with 
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humans for thousands of years (Freedman & Wayne, 2017). 
This domestication occurred in two main phases: the initial 
domestication of the wild gray wolf to primary dog and the 
subsequent improvement of these indigenous dogs into 
various modern breeds. In the first phase, highly specific 
behaviors valued by nomadic hunter-gatherer societies, such 
as tracking and consuming prey, drove the initial evolution of 
primary dogs at the beginning of domestication (Ostrander et 
al., 2017). During this process, selection was not the only 
mechanism of evolution, as genetic drift likely also caused fit, 
unfit, or neutral alleles to become fixed due to bottleneck or 
founder effects (Doebley, 1989; Eyre-Walker et al., 1998). 
Moreover, features commonly associated with domestication 
were not selected directly but rather represented side effects 
of the relaxation of selection (Dobney & Larson, 2006). For 
example, domestication relaxed the selective pressure on 
male dogs to compete for mates. Thus, genes involved in 
producing traits relevant to this endeavor were no longer 
under selective pressure and thus became effectively neutral 
or even detrimental as they involved the diversion of 
resources from traits under selection such as tameness. With 
the advent of agricultural societies, dogs adapted to the 
introduction of starch within their diets, a crucial step in their 
evolution from the wolf (Arendt et al., 2016). Over the past few 
hundred years, phenotypic radiation among domesticated 
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dogs accelerated the breeding process, resulting in the 
development of nearly 400 breeds to fulfill specialized 
functions in human society, with clear morphological and 
behavioral differences, such as big or small, lean or squat, 
and independent or loyal (Freedman & Wayne, 2017). This 
breeding improvement was largely shaped by the extreme 
influence of artificial selection, with a dramatic increase in 
deleterious alleles, i.e., “domestic cost” (Cruz et al., 2008). 
The tremendous diversity in the morphology and behavior of 
present-day breeds illuminates the power and appeal of 
artificial selection, which has been widely used over a long 
period and exhibits inestimable potential. 

Domestic dogs have spread to every corner of the world 
following human migration and thus adapted to highly distinct 
environments. This long-term accompaniment has not only 
promoted a much closer relationship between humans and 
dogs than with any other domesticated animal, but also similar 
genetics underlying as many as 360 diseases suffered by 
both, especially mental diseases (e.g., canine compulsive 
disorder, Alzheimer’s disease, epilepsy) (De Risio et al., 2015; 
Dewey et al., 2019; Ostrander et al., 2017; Shearin & 
Ostrander, 2010b), which may partially result from the same 
natural environmental pressures and similar social exposure. 
Therefore, dogs are good models for both evolutionary and 
pathological research. 

Integrating molecular phylogenetics, bioinformatics, and 
biotechnology has helped to decipher puzzles about dog 
domestication history. Here, we summarized the progress of 
dog domestication, including the timing and origin, adaptation 
to different local environments, and genetic basis underlying 
phenotypic diversity, to highlight our current understanding of 
dog domestication and provoke enthusiasm for further 
breeding according to genetic information. 


ORIGIN OF DOGS 


Archaeological evidence demonstrates that the dog has been 
a human companion since the Mesolithic Age. Genomic 
sequencing data also suggest that initial dog domestication 
predated the advent of agriculture, occurring instead alongside 
hunter-gatherers (Freedman et al., 2014). Both genetic and 
phenotypic research has clearly demonstrated that the dog 
originated from an extinct gray wolf population and was 
domesticated in the Old World (Fan et al., 2016). However, 
there is ongoing debate regarding the geographic origin of 
monophylogeny or polyphylogeny due to discrepancies in 
study ideas and methods. Fortunately, growing evidence is 
shedding light on the origin and evolutionary trajectories of 
dogs. 

Vila and colleagues investigated dog origin based on 
mtDNA control region sequences and were the first to suggest 
a polyphyly origin from multiple ancestral wolf populations with 
backcrossing events after initial domestication (Vila et al., 
1997). Alternatively, Savolainen et al. (2002) proposed East 
Asia as the single origin center some 15 000 years ago due to 
the presence of rich genetic and phylogeographic variations 
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and as the origin of the Australian Dingo (Savolainen et al., 
2004). Furthermore, evidence also suggests that native 
American dogs originated from Old World dogs that crossed 
the Bering Strait following human activity during the late 
Pleistocene (Leonard et al., 2002). Although evidence that 
mtDNA haplotypes from African village dogs are as diverse as 
those from East Asia challenges the East Asian origin 
hypothesis (Boyko et al., 2009), this hypothesis is supported 
by previous diversity analyses on mitochondrial and Y 
chromosomes from an almost exhaustive sampling (Ding et 
al., 2012; Pang et al., 2009). 

However, the East Asian origin hypothesis has been 
rebutted by nuclear genomic single nucleotide polymorphic 
(SNP) analysis, which supports a Mid-Asian origin (Vonholdt 
et al., 2010). The Mid-Asian origin hypothesis relies on two 
findings: (1) breeds of East Asian origin do not have the 
highest level of nuclear variability; and (2) most breeds share 
most haplotypes with Middle Eastern wolves. Nevertheless, 
this conclusion has been weakened by a lack of village dogs 
from the Yangtze River where the uniparentally inherited 
markers present the most genetic diversity (Ding et al., 2012; 
Pang et al., 2009) and by the significant bias of SNPs 
designed by array technology. Another study based on canid 
samples from Africa, Asia, Europe, the Middle East, and North 
America disproved the East Asian origin hypothesis through 
genomic resequencing analysis (Fan et al., 2016). However, 
subsequent genomic resequencing of canid samples across 
the Eurasian mainland elucidated an “Out of Southern East 
Asia” migration route, thus emphasizing an East Asian origin 
and predating the beginning of domestication by ~33 000 
years ago (Wang et al., 2016). Research on ancient DNA has 
also suggested that the dog may have been domesticated 
independently in Eastern and Western Eurasia from distinct 
wolf populations. Western Eurasian dogs were then partially 
replaced by Eastern dogs following Near Eastern Neolithic 
farmer expansion into Europe (Frantz et al., 2016; Ollivier et 
al., 2018). American dogs likely originated in East Asia and 
dispersed into the Americas alongside people (Ni Leathlobhair 
et al., 2018), but they almost completely disappeared after the 
arrival of Europeans, leaving the closest detectable genetic 
legacy of canine transmissible venereal tumor to an individual 
8 000 years ago. 

Taken together, genetic material following different 
inheritance rules has been used to infer the origin of dogs. 
Genetic markers on mitochondrial DNA (mtDNA) and Y 
chromosomes are stably inherited from their maternal lineage 
and paternal lineage, respectively, which facilitates 
investigation of gene flow from maternal and paternal 
ancestors. However, the absence (or near absence) of 
recombination and the sensitivity of genetic drift make these 
markers defective at deciphering exact demographic history. 
Whole genomic SNP data have provided more information, 
especially on gene flow and incomplete lineage sorting (ILS), 
for phylogenetic reconstruction, resulting in inconsistent 
results to those obtained by mtDNA or Y chromosomes for 
dog domestication (Ding et al., 2012; Savolainen et al., 2002; 


Vila et al., 1997; Vonholdt et al., 2010). Fortunately, recent 
research incorporating different inherited markers has 
provided more convincing clues on the evolution of wild 
animals like mosquitoes and domestic animals like dogs and 
cattle (Frantz et al., 2016; Thawornwattana et al., 2018; Wu et 
al., 2018). Therefore, the incorporation of different genetic 
markers, in combination with large-scale samples across 
diverse geographic regions and time points, high-depth 
sequencing data, and the development of more advanced 
methodologies, will improve our understanding of the 
evolutionary origin and genetic makeup of dogs. 


ADAPTATION TO DIFFERENT ENVIRONMENTS 


The dog, which shares a closer relationship to humans than 
any other domestic animal, dispersed across the entire world 
following man and adapted to diverse local environments over 
a relatively short time period. The genetic mechanisms 
underlying adaptation have been widely considered by 
biologists. Here, we summarize the two main drivers: i.e., 
dietary change and environmental adaptation. 

In the process of wolf to dog transformation, diet is thought 
to have played a crucial role. Unlike wolves, dogs can thrive 
on a diet rich in starch. Ten genes involved in digestion and 
fatty acid metabolism evolved rapidly during the domestication 
of dogs (Axelsson et al., 2013), providing evidence for 
domestication-induced changes in diet. Three genes (AMY2B, 
MGAM, SGLT1) have been identified as selective candidates 
that play key roles in the breakdown of starch. Different dog 
breeds possess a varying ability to process starch, which may 
be associated with copy number variations of the AMY2B 
gene influencing amylase activity (Arendt et al., 2014). The 
changes in AMY2B copy number in native dogs, modern 
breeds, and wolves across the world illustrate that a diet 
change involved a secondary shift, consistent with the 
development and spread of prehistoric agriculture in most 
parts of the world, rather than a single occurrence during initial 
domestication (Arendt et al., 2016). 

In addition, environmental adaptation has also attracted the 
attention of biologists. The Tibetan Mastiff, which is a local 
breed native to the Tibetan plateau, has evolved special 
phenotypic traits adapted to high-altitude environments. 
Analysis of SNP array data has revealed several genes with 
selective signatures in the Tibetan Mastiff, especially the 
EPAS1 gene, which is reported to influence environmental 
adaptation in Tibetan residents (Li et al., 2014b). Genomic 
resequencing of dogs from different altitudes has indicated 
that a G305S variant and non-synonymous mutations in 
EPAS1 may decrease vascular resistance and thus promote 
oxygen transport (Gou et al., 2014). EPAS1 and HBB have 
further been identified as candidates for convergent 
hemoglobin adaptations to hypoxia between Tibetan people 
and the Tibetan dog (Wang et al., 2014). From the perspective 
of the X chromosome, which has been neglected in previous 
studies, the haplotype frequency of the AMOT gene is 
significantly correlated with altitude (Wu et al., 2016). 


Moreover, genome-wide scanning of the Tibetan Mastiff and 
Tibetan wolf indicate genetic introgression on EPAS7 and 
HBB loci, implying the possibility that the Tibetan Mastiff 
acquired local adaptation quickly by secondary contact with its 
wild relative, the Tibetan wolf, although no such evidence has 
been found on the AMOT locus (Miao et al., 2017). 

Another classic adaptation to the environment is the African 
dog’s adaptation to malaria, which is pervasive on the African 
continent. Dogs migrated into Africa about 14 000 years ago. 
Liu et al. (2018) explored the genetic basis of adaptation to the 
tropical African environment through whole genome analyses 
of African indigenous dogs from Nigeria. Among the positively 
selected genes associated with immunity, angiogenesis, 
ultraviolet protection, as well as insulin secretion and 
sensitivity, the gene ADGRE1 was found to confer African 
dogs with defense against Plasmodium infection (Liu et al., 
2018). This gene is also associated with human immune 
response to malaria (Kariuki et al., 2013). Therefore, these 
results provide new clues on the convergent adaptation and 
evolution between humans and dogs. 


PHENOTYPIC DIVERSITY AND DOMESTIC LEGACY OF 
MODERN BREEDS 


With the development of human society and advancement of 
the industrial revolution, the demands of people became 
increasingly diverse, with bog breeding positively selected for 
two primary functions. First, certain dogs were bred to perform 
specific tasks to assist their human companions based on 
their distinct behaviors and functions. Second, other dogs 
were bred as ornamental pets to be integrated into human 
families. Presently, there are more than 400 dog breeds, 
which possess different morphological and behavioral 
characteristics. Here, we review their phenotypic diversity by 
examining behavioral and morphological phenotypes 
separately. 


Behavioral phenotypes 

Dog breeds are classified into seven groups according to their 
guarding, herding, obedience, and hunting abilities: i.e., 
gundogs, working dogs, herding dogs, hounds, terriers, and 
companion dogs. These behavioral traits have become fixed 
within breeds due to intensive artificial selection and are 
considered  inheritable, as cross-bred dogs exhibit 
intermediate behavior from their purebred parents. A survey of 
over 10000 German shepherd and Rottweiler individuals 
revealed a genetic contribution to 16 assessed behavioral 
traits (Saetre et al., 2006). Further genomic analysis also 
found the dopamine receptor to be associated with aggressive 
behavior among canine breeds (Ito et al., 2004). Canine 
compulsive disorder (CCD) is common in many breeds and 
exhibits a mechanism like that of human obsessive- 
compulsive disorder (OCD). The cadherin 2 (CDH2) gene is a 
crucial factor associated with CCD in Doberman pinschers 
(Dodman et al., 2010; Tang et al., 2014). Interestingly, 
variants in the CDH2 gene may also contribute to OCD and 
Tourette disorder in humans (Moya et al., 2013). Moreover, 
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population genetic analysis has suggested that CDH2 
influences circling behavior in Belgian Malinois (Cao et al., 
2014). 

In addition to the breed traits mentioned above, the 
behavioral transformation from  fear-aggressiveness to 
tameness is believed to have been a prerequisite to initial dog 
domestication. An experiment on silver foxes reconstructed 
this behavioral transformation in a domestication model 
(Lindberg et al., 2005; Saetre et al., 2004) and several genetic 
loci were found to be associated with this change (Kukekova 
et al., 2011; Spady & Ostrander, 2007). However, intensive 
breeding and selection only occurred very recently in dogs, 
resulting in an extremely small gene pool, which may have led 
to misconception about the genetic changes associated with 
behavioral transformation. Several studies have focused on 
the Chinese indigenous dog, an outbred dog living in the 
original center of Asia that shows the most robust genetic 
diversity and is assumed to be closest to the primary dog. 
Genomic analysis on this outbred dog revealed the genetic 
basis for the rewiring of dog brains and convergent evolution 
between dogs and humans (Li et al., 2013, 2014a; Lindberg et 
al., 2005; Saetre et al., 2004; Wang et al., 2013). 


Morphological diversity 

The genetic mechanisms underlying the morphological 
differences among dogs have been deeply researched as 
morphological traits are easily observed and estimated. 
Parallel studies on morphological characters from model 
animals such as mice and humans have also revealed the 
genetic underpinnings of morphological diversity in dogs. 

Body size, one of the most important quantitative traits 
under evolutionary scrutiny, varies more in dogs than in any 
other terrestrial mammal. For example, the Cane Corso and 
Yorkshire demonstrate a 30-fold difference in body size 
(Shearin & Ostrander, 2010a). Research on the Portuguese 
water dog identified insulin-like growth factor 1 (IGF1) as the 
gene that controls body size (Sutter et al., 2007), as also 
reported in mice and humans (Baker et al., 1993; Woods et 
al., 1996, 1997). Variants of fibroblast growth factor 4 (FGF4) 
are the cause of short legs in many breeds and are correlated 
with chondrodysplasia (Parker et al., 2009). Unlike the results 
from association mapping of quantitative traits in humans and 
domesticated plants, a simple genetic architecture appears to 
underlie morphological variation in dogs (Boyko et al., 2010). 
For example, integrative research on multiple breeds found 
that six genes (GHR, HMGA2, SMAD2, STC2, IGF1, and 
IGF1R) explain almost half of size variation in dog breeds with 
standard body weight (BSW) <41 kg (Rimbault et al., 2013). 
Moreover, a study of the X chromosome identified three genes 
(IRS4, IGSF1, and ACSL4) as responsible for body size 
variation in dogs with BSW >41 kg (Plassais et al., 2017). 

Skull shape is another significant morphological trait found 
to be highly diversified among dog breeds. Analysis of skull 
shape among 374 dogs identified SMOC2 as a crucial gene 
explaining approximately 36% of facial length variation 
(Marchant et al., 2017). Previous study on skull morphology 
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associations also identified BMP3 as a causative gene 
affecting cranial development and linked with brachycephaly in 
some breeds such as the pug and bulldog (Schoenebeck et 
al., 2012). 

Dogs also exhibit tremendous coat diversity since their 
separation from their gray wolf ancestor. Whole-genome 
association analysis of 80 dog breeds identified three genes 
(RSPO2, FGF5, and KRT71) with an effect on coat growth, 
length, and curl (Cadieu et al., 2009). Furthermore, variants in 
the forkhead box transcription factor family (FOX73), which 
influence ectodermal development, are thought to be 
responsible for the hairless traits in Mexican and Peruvian 
hairless dogs and Chinese crested dogs (Drogemuller et al., 
2008). 

Three genes, namely agouti (AS/P), melanocortin 1 receptor 
(MC1R), and beta-defensin 103 (CBD103), are thought to 
encode the ligand-receptor system that controls pigment type- 
switching in dogs (Candille et al., 2007). The latter gene 
(CBD103), previously recognized as a component of innate 
immunity in most vertebrates, is predicted to play roles in 
functions associated with the melanocortin pathway in 
domestic dogs. More interestingly, North American wolves 
derived an allele in CBD103, resulting in a black coat color 
phenotype, through genetic introgression from dogs >500 
years ago (Anderson et al., 2009). In addition, the TYRP7, 
MITF, and SILV genes are also thought to influence 
phenotypes like brown color, white spotting, and merle 
patterning (Clark et al., 2006; Karlsson et al., 2007; Schmutz 
et al., 2002). Detailed information about the allele patterns of 
genes involved in coat color and their associated phenotypes 
can be found in a previous review (Schmutz & Berryere, 
2007). 


Domestic legacy 

During the progression of dog domestication, both the 
relaxation of selective pressure and accumulation of 
deleterious mutations from the hitchhiking-effect caused 
domestic legacy. On the one hand, breeders focused on the 
purification of varieties and ignored disease resistance in 
purebred dogs. Reduction in effective population size, mainly 
caused by breed purification, increased the fixation probability 
for many weakly deleterious mutations located close to 
functional loci under strong artificial selection (Cruz et al., 
2008). On the other hand, selectively retained pleiotropic 
genes increased the risk of genetic diseases. For example, 
coat color-related sensorineural deafness has been widely 
described in numerous dog breeds (Webb & Cullen, 2010), 
and brachycephaly (flat-face) is commonly observed in breeds 
like the English bulldog, French bulldog, pug, Boston terrier, 
Pekingese, boxer, Shi Tzu and Cavalier King Charles spaniel 
(Dupre & Heidenreich, 2016). In addition, continuous circling, 
Alzheimer’s disease, and epilepsy, which impact physical and 
mental wellbeing, are also commonly observed in dogs (De 
Risio et al., 2015; Dewey et al., 2019; Moon-Fanelli & 
Dodman, 1998). Therefore, a more detailed and robust 
understanding of the genomic make-up of dogs is required for 


ongoing breeding strategies to satisfy both changing human 
demands and increased ethical concerns regarding dog 
welfare. 


CONCLUSIONS 


With the development of sequencing technologies and 
decrease in associated costs, high-quality sequencing data 
can now provide much deeper insights into the evolutionary 
history of dogs. In addition, improvements in data exchange 
within canine research communities have helped elucidate the 
genetic mechanisms underpinning heredity and variation. For 
example, the International Dog10K Genomes Project, which 
started in 2015, has produced enormous -omics data of dog 
breeds from around the world. The Dog Genome SNP 
Database (DoGSD) has also provide information on the 
differences between dog and wolf genomes (Bai et al., 2015). 
In addition to the genomic databases, international dog clubs 
have also provided phenotypic information on more than 400 
dog breeds (Ostrander et al., 2017). The iDog integrated 
resource not only contains all the information mentioned 
above (Tang et al., 2019), which incorporates sequence 
alignment tools and genome browsers, but can also supply the 
global dog research community with genomic sequence 
assemblies, genomic variations, phenotypic/disease traits, 
gene expression profiles, gene ontology, and homolog gene 
information. These resources will promote our understanding 
of the evolutionary and genetic mechanisms of domestic dogs 
and help elucidate the genetic underpinnings of human 
genetic diseases. Finally, as man’s best friend, dogs deserve 
more attention and responsibility to promote their welfare. Dog 
owners should acquire professional knowledge on the different 
physical states of their companion. Veterinary associations 
should also help with the introduction of new policies, edicts, 
regulations, and positive humane solutions to benefit dogs. 
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ABSTRACT 


The genus-level recognition of monophyletic short- 
legged toads (Brachytarsophrys) has been recently 
implicated in the taxonomic debate of Megophrys 
sensu lato. In the present study, Brachytarsophrys is 
reasonably regarded as a distinct genus based on 
significant morphological differentiations and recent 
molecular analyses. Furthermore, a comprehensive 
review of this genus is performed, with two species 


groups proposed based on morphological 
differences and phylogenetic relationships. 
Particularly, Brachytarsophrys platyparietus is 


removed as a synonym of Brachytarsophrys 
carinense and considered a valid species due to 
significant genetic divergence and distinct 
morphological differences. In addition, a new 
species, Brachytarsophrys orientalis sp. nov., is 
described based on a series of specimens collected 
from southeastern China. This work takes the 
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member species of the genus Brachytarsophrys to 
seven, suggesting that the diversity of 
Brachytarsophrys is underestimated. In addition, the 
genus levels of other monophyletic groups within the 
subfamily Megophryinae are discussed. 


Keywords: Genus level; 
Morphology; Phylogeny; Revision 


Megophryinae; 


INTRODUCTION 


Systematics of the subfamily Megophryinae have been 
debated for decades (Dubois, 1987; Dubois & Ohler, 1998; Fei 
et al., 2009; Fei & Ye, 2016; Frost et al., 2006; Jiang et al., 
2003; Li & Wang, 2008; Rao & Yang, 1997; Zheng et al., 
2004). Based on multilocus nuclear-gene and matrilineal 
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mtDNA genealogy, three recent studies revealed highly similar 
phylogenetic relationships within Megophryinae, resolving the 
following monophyletic groups: i.e., Atympanophrys, 
Brachytarsophrys, Megophrys, Ophryophryne, Panophrys, 
Pelobatrachus, and Xenophrys (Chen et al., 2017; Liu et al., 
2018; Mahony et al., 2017). However, disagreements remain 
regarding taxonomic proposals at the genus level among 
these monophyletic groups. Chen et al. (2017) considered the 
subfamily Megophryinae to be valid and composed of five 
genera: i.e., Atympanophrys Tian & Hu, 1983, 
Brachytarsophrys Tian & Hu, 1983, Megophrys Kuhl & Van 
Hasselt, 1822, Ophryophryne Boulenger, 1903, and 
Xenophrys Günther, 1864. Mahony et al. (2017) treated the 
entire Megophryinae subfamily as a single genus Megophrys 
and regarded the seven molecularly resolved clades in their 
phylogenetic tree as seven subgenera: i.e., Atympanophrys, 
Brachytarsophrys, Megophrys, Ophryophryne, Panophrys Rao 
& Yang, 1997, Pelobatrachus Beddard, 1908, and Xenophrys. 
Although the phylogenetic results of the above two studies are 
highly similar, the taxonomic proposals represent different 
views, and the focus of the taxonomic debate returns to the 
previous problem of morphological cognizance at the genus 
level. 

The short-legged toad genus Brachytarsophrys within 
Megophryinae was established by Tian & Hu (1983), with 
Leptobrachium carinense Boulenger, 1889 as the type 
species. Based on a combination of morphological 
characteristics, Brachytarsophrys differs significantly from 
other groups within Megophryinae and has been regarded as 
a valid genus for a long time (Delorme et al., 2006; Fei et al., 
2009; Fei & Ye, 2016; Frost et al., 2006; Pyron & Wiens, 2011; 
Xie & Wang, 2000; Zhao & Adler, 1993). Recent phylogenetic 
results have also confirmed Brachytarsophrys as a 
monophyletic lineage against other Megophryinae groups 
(Chen et al., 2017; Deuti et al., 2017; Liu et al., 2018; Mahony 
et al., 2017; Orlov et al., 2015; Poyarkov et al., 2017; Zhang et 
al., 2017). Therefore, we regard Brachytarsophrys as a distinct 
genus in this study. 

Currently, the genus Brachytarsophrys is widely distributed 
in southern China, Myanmar, Vietnam, Laos, and northern 
Thailand, and contains five recognized species: i.e., 
Brachytarsophrys carinense (Boulenger, 1889), 
Brachytarsophrys feae (Boulenger, 1886), Brachytarsophrys 
intermedia (Smith, 1921), Brachytarsophrys chuannanensis 
Fei, Ye & Huang, 2001, and Brachytarsophrys popei Zhao, 
Yang, Chen, Chen & Wang, 2014. Rao & Yang (1997) also 
described Brachytarsophrys platyparietus as a species from 
northern Yunnan and considered that the previous records of 
B. carinense from southern and southwestern China should be 
B. platyparietus, with B. carinense being endemic to Myanmar 
and Thailand. However, after examining a series of specimens 
from China and a single specimen (MNHN 1893.0527) from 
Yado, Myanmar, Fei et al. (2009) temporarily treated B. 
platyparietus as a synonym of B. carinense, though also 
suggested that the validity of B. platyparietus requires further 
research and evidence. 
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In the present work, a series of Brachytarsophrys 
specimens and samples were collected from multiple localities 
(Figure 1A), covering potential unnamed populations and all 
recognized species. The phylogenetic relationships among 
Brachytarsophrys congeners were reconstructed and detailed 
morphological comparisons were performed, leading to a 
comprehensive review of this genus. Both the morphological 
comparisons and molecular results confirm that B. 
platyparietus should be re-considered as a valid species (see 
below for supplementary description). In addition, populations 
of Brachytarsophrys from Jiangxi and Fujian in southeastern 
China are revealed as a new species, named 
Brachytarsophrys orientalis sp. nov., based on morphological 
and molecular differences, thus demonstrating that 
Brachytarsophrys diversity is underestimated. 


MATERIALS AND METHODS 


Morphological characters 

Measurements followed the protocols described by Fei et al. 
(2009) with digital calipers to the nearest 0.1 mm. These 
measurements were as follows: SVL: Snout-vent length (from 
tip of snout to vent); HDL: Head length (from tip of snout to 
posterior of articulation of jaw); HDW: Head width (maximum 
distance between both sides of articulation of jaw); SKL: Skull 
length (from tip of snout to posterior margin of occipital); SNT: 
Snout length (from tip of snout to anterior corner of eye); IOD: 
Interorbital distance (minimum distance between upper 
eyelids); IND: Internasal distance (distance between nares); 
ED: Eye diameter (eyeball diameter parallel to axis of body); 
HND: Hand length (from distal end of radioulnar to tip of finger 
Ill); RAD: Radioulnar length (from flexed elbow to proximal 
margin of outer palmar tubercle); TIB: Tibia length (from outer 
surface of flexed knee to heel); FTL: Foot length (from distal 
end of tibia to tip of toe IV); BL: Body length (from tip of snout 
to origin of tail in tadpole); TL: Tail length (from origin to tip of 
tail in tadpole). To show body size variation among adult 
males, we plotted the boxplot of SVL in R-3.6.2 (R Core 
Team, 2019). 

The toe webbing formula followed the protocol described by 
Savage (1975). To describe toe webbing of Brachytarsophrys 
species accurately, the location of the web on the phalange 
articulation was designated as follows: - (distal part of 
phalange articulation); none (middle part of phalange 
articulation); + (proximal part of phalange articulation); ++ 
(lower part of phalange articulation) (Figure 2). 

Sex was determined by observation of secondary sexual 
characters, i.e., presence of internal vocal sac openings and 
nuptial spines in males. Tadpole stage was identified following 
Gosner (1960). 

Comparative morphological data of all recognized 
Brachytarsophrys species were obtained from the literature 
(Boulenger, 1889, 1890, 1908; Fei & Ye, 2001; Fei et al., 
2009; Smith, 1921; Taylor, 1962; Zhao et al., 2014) and from 
examined specimens of B. feae, B. chuannanensis, and B. 
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Figure 1 Collection localities of samples used in this study and habitat of Brachytarsophrys orientalis sp. nov. 

A: Localities of Brachytarsophrys orientalis sp. nov.: 1: Huboliao Nature Reserve, Fujian; 2: Shanghang County, Fujian; 3: Jiulianshan Nature 
Reserve, Jiangxi. Localities of B. popei; 4: Taoyuandong Nature Reserve, Hunan. Localities of B. chuannanensis; 5: Hejiang County, Sichuan. 
Localities of B. platyparietus; 6: Mt. Fanjing, Guizhou; 7: Mt. Jinzhong, Guangxi; 8: Shiping County, Yunnan; 9: Mt. Mopan, Yunnan; 10: Dayao 
County, Yunnan; 11: Yanbian County, Yunnan. Localities of B. feae; 12: Jingdong County, Yunnan. Localities of B. carinense; 13: Mae Surin NP., 
Mae Hong Son, Thailand; 14: Omkoi, Chiang Mai, Thailand; 15: Thong Pha Phum, Kanchanaburi, Thailand. Localities of B. intermedia; 16: Krong 
Pa, Gia Lai, Vietnam. B: Habitat of Brachytarsophrys orientalis sp. nov. in Jiulianshan Nature Reserve, Jiangxi Province. 





Figure 2 Location of web on phalange articulation 

(4) IV: Distal part of articulation between fourth phalange and 
metatarsal; (4) IV: Middle part of articulation between fourth phalange 
and metatarsal; (4*) IV: Proximal part of articulation between fourth 
phalange and metatarsal; (4**) IV: Lower part of articulation between 
fourth phalange and metatarsal. 


All specimens were fixed in 10% buffered formalin, then 


transferred to 75% ethanol for preservation, and deposited in 


The Museum of Biology, Sun Yat-Sen University (SYS) and 
Chengdu Institute of Biology (CIB), Chinese Academy of 
Sciences (CAS), China. Other collection abbreviations for 
specimens or samples include the Kunming Institute of 
Zoology (KIZ), CAS, China; Muséum National d’Histoire 
Naturelle (MNHN), France; and Royal Ontario Museum 
(ROM), Canada. 


Molecular sampling 

For molecular analyses, a total of 28 Brachytarsophrys 
samples were used, including 11 samples from the five 
recognized species (B. carinense, B. feae, B. intermedia, B. 
chuannanensis, and B. popei), one topotype sample of B. 
platyparietus, and 16 samples of unidentified species. 
Additionally, one sequence of B. carinense and out-group 
sequences of Atympanophrys shapingensis (Liu, 1950) and 
Xenophrys mangshanensis (Fei & Ye, 1990) were obtained 
from GenBank and incorporated into our dataset (Figure 1A 
and Table 1). All muscle samples were taken from euthanized 
specimens and then preserved in 95% ethanol before fixation. 


Extraction, reaction (PCR), and 
sequencing 

DNA was extracted from muscle tissue using an extraction kit 
from Tiangen Biotech (Beijing) Co., Ltd. (China). Partial 
cytochrome c oxidase | (CO/) and cytochrome b (cyt b) genes 
were amplified using the primers listed in Table 2. PCR 


amplifications were performed in a 20 ul reaction volume with 


polymerase chain 
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Table 1 Localities, voucher information, and GenBank accession Nos. of all samples used in this study 








ID Species Localities (*: Type locality) Specimen No. COI cyt b 

1 Brachytarsophrys orientalis sp. nov. *China: Jiulianshan Nature Reserve, Longnan County, Jiangxi SYS a004225 MT162625 MT162650 
2 Brachytarsophrys orientalis sp. nov. *China: Jiulianshan Nature Reserve, Longnan County, Jiangxi SYS a004226 MT162626 MT162651 
3 Brachytarsophrys orientalis sp. nov. *China: Jiulianshan Nature Reserve, Longnan County, Jiangxi SYS a004227 MT162627 MT162652 
4 Brachytarsophrys orientalis sp. nov. *China: Jiulianshan Nature Reserve, Longnan County, Jiangxi SYS a004228 MT162628 MT162653 
5 Brachytarsophrys orientalis sp. nov. *China: Jiulianshan Nature Reserve, Longnan County, Jiangxi SYS a004486 MT162629 MT162654 
6 Brachytarsophrys orientalis sp. nov. *China: Jiulianshan Nature Reserve, Longnan County, Jiangxi SYS a005451 MT162632 MT162655 
7 Brachytarsophrys orientalis sp. nov. China: Gutian Township, Shanghang County, Fujian SYS a003249 MT162623 MT162648 
8 Brachytarsophrys orientalis sp. nov. China: Huboliao Nature Reserve, Nanjing County, Fujian SYS a003340 MT162624 MT162649 
9 Brachytarsophrys carinense Thailand: Doi Chiang Dao, Chiang Mai K3001 KRO87626 — 

10 Brachytarsophrys carinense Thailand: Omkoi, Chiang Mai KIZ024170 MT162640 MT162663 
11 Brachytarsophrys carinense Thailand: Mae Surin NP., Mae Hong Son KIZ024429 MT162641 MT162664 
12 Brachytarsophrys carinense Thailand: Thong Pha Phum, Kanchanaburi KIZ024640 MT162642 MT162665 
13 Brachytarsophrys chuannanensis *China: Zihuai Township, Hejiang County, Sichuan SYS a004926 MT162630 - 

14 Brachytarsophrys chuannanensis *China: Zihuai Township, Hejiang County, Sichuan SYS a004927 MT162631 - 

15 Brachytarsophrys feae China: Jingdong County, Yunnan SYS a003912 MH406362 MH407192 
16 Brachytarsophrys feae China: Jingdong County, Yunnan SYS a003913 MH406363 MH407193 
17 Brachytarsophrys intermedia Vietnam: Krong Pa, Gia Lai ROM 23794 MT162643 MT162666 
18 Brachytarsophrys platyparietus *China: Duodihe, Dayao county, Yunnan SYS a005919 MT162633 MT162656 
19 Brachytarsophrys platyparietus China: Mt. Jinzhong, Longlin County, Guangxi SYS a002236 MT162622 MT162647 
20 Brachytarsophrys platyparietus China: Mt. Fanjing, Tongren City, Guizhou YPX43968 MT162644 MT162667 
21 Brachytarsophrys platyparietus China: Mt. Mopan, Xinping County, Yunnan SYS a007774 MT162634 MT162657 
22 Brachytarsophrys platyparietus China: Mt. Mopan, Xinping County, Yunnan SYS a007775 MT162635 MT162658 
23 Brachytarsophrys platyparietus China: Mt. Mopan, Xinping County, Yunnan SYS a007776 MT162636 MT162659 
24 Brachytarsophrys platyparietus China: Mt. Mopan, Xinping County, Yunnan SYS a007777 MT162637 MT162660 
25 Brachytarsophrys platyparietus China: Yilong Township, Shiping County, Yunnan SYS a007790 MT162638 MT162661 
26 Brachytarsophrys platyparietus China: Yumen Township, Yanbian County, Sichuan SYS a007853 MT162639 MT162662 
27 Brachytarsophrys popei *China: Taoyuandong Nature Reserve, Yanling County, Hunan SYS a001864 MH406361 MH407191 
28 Brachytarsophrys popei *China: Taoyuandong Nature Reserve, Yanling County, Hunan SYS a001865 MT162620 MT162645 
29 Brachytarsophrys popei *China: Taoyuandong Nature Reserve, Yanling County, Hunan SYS a001866 MT162621 MT162646 
30 Atympanophrys shapingensis China: Mt. Wawu, Hongya County, Sichuan SYS a005310 MH406352 MH407182 
31 Atympanophrys shapingensis China: Zhaojue County, Sichuan SYS a005339 MH406359 MH407189 
32 Xenophrys mangshanensis China: Mt. Dayao, Jinxiu County, Guangxi SYS a004870 MH406323 MH407153 
33 Xenophrys mangshanensis China: Mt. Dayao, Jinxiu County, Guangxi SYS a004871 MH406324 MH407154 
—: Not available. 


Table 2 Primer pairs used in this study 








Gene Forward primer Reverse primer References 
COI Chmf4 (5'-TYTCWACWAAYCAYAAAGAYATCGG-3') Chmr4 (5'-ACYTCRGGRTGRCCRAARAATCA-3') Che et al., 2012 
COI Dglco (5'-GGTCAACAAATCATAAAGAYATYGG-3') Dghco (5'-TAAACTTCAGGGTGACCAAARAAYCA-3') Meyer et al., 2005 


cytb PFGIu14140L(5'-GAAAAACCACTGTTGTHHYTCAACTA-3') = PFThr15310 (5'-CGGYTTACAAGACCGRTGCTTT-3') Zhang et al., 2013 





the following cycling conditions: initial denaturing step at 95 °C Technology Co., Ltd. (China). All sequences were deposited in 
for 4 min; 35 cycles of denaturing at 95 °C for 40 s, annealing GenBank (Table 1). 
at 50 °C for 40 s, and extension at 72 °C for 1 min; and final 


extension step at 72 °C for 10 min. PCR products were Phylogenetic analyses 


purified with spin columns. The purified products were Sequences were aligned using ClustalX 2.0 (Thompson et al., 
sequenced with both forward and reverse primers using the 1997) with default parameters in MEGA 6 (Tamura et al., 
BigDye Terminator Cycle Sequencing Kit according to the 2013). The two gene segments (627 base pairs (bp) for COI 
guidelines of the manufacturer on an ABI Prism 3730 and 1 050 bp for cyt b) were concatenated seriatim into a 1 
automated DNA sequencer from Shanghai Majorbio Biopharm 677 bp sequence and further divided into two partitions based 
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upon each gene. The two partitions were tested respectively in 
jModelTest 2.1.2 (Darriba et al., 2012) based on Akaike 
information criteria, resulting in the both best-fitting nucleotide 
substitution models of GTR+G+l. Phylogenetic trees were 
constructed using maximum likelihood (ML) implemented in 
RaxmIGUI 1.3 (Silvestro & Michalak, 2012) and Bayesian 
inference (Bl) in MrBayes 3.2.4 (Ronquist et al., 2012). For ML 
analysis, the majority rule consensus tree was calculated with 
1 000 bootstrap replicates. For BI analysis, two independent 
runs with four Markov Chain Monte Carlo simulations were 
performed for 10 million iterations, with sampling every 1 000 
generations and the first 25% of samples discarded as burn- 
in. Convergence of the Markov Chain Monte Carlo simulations 
was assessed by checking the average standard deviation of 
split frequencies between two runs using Tracer v.1.4 
(http://tree.bio.ed.ac.uk/software/tracer/). We also calculated 
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RESULTS 


The ML and BI analyses, which resulted in essentially identical 
topologies, were integrated, as shown in Figure 3. All major 
nodes were sufficiently supported with Bayesian posterior 
probabilities (BPP) >0.95 and maximum likelihood bootstrap 
supports (BS) >90. The mean P-distances among all 
Brachytarsophrys species are given in Table 3. 

All Brachytarsophrys samples were clustered into two 
major, deeply divergent, and strongly supported monophyletic 
groups (BPP=1.00, BS=100), designated in this study as 
Group | and Group Ill, respectively. Group | was composed of 
species from the Indochina Peninsula, namely, B. carinense 
and B. intermedia. All samples from China formed Group Il, 
which could be divided into two clades with strong node 
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Figure 3 Bayesian inference and maximum-likelihood phylogenies 
Numbers before slashes are Bayesian posterior probabilities, and numbers after slashes are maximum -likelihood bootstrap supports. 
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Table 3 Uncorrected P-distances (mean, in %) among species of the genus Brachytarsophrys based on partial mitochondrial CO/ gene 








ID Species 1-8 9-12 13-14 15-16 17 18-26 27-29 
1-8 Brachytarsophrys orientalis sp. nov. 0.3 

9-12 B. carinense 15.8 0.6 

13-14 B. chuannanensis 8.5 14.7 0.5 

15-16 B. feae 9.4 15.3 6.3 0.0 

17 B. intermedia 15.7 12.1 16.3 15.2 - 

18-26 B. platyparietus 8.4 14.6 5.8 6.8 15.9 0.5 

27-29 B. popei 4.3 15.8 8.7 10.4 15.7 7.7 0.1 
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support (BPP=1.00, BS=100), representing populations from 
southwestern and southeastern China and designated as 
clade A and clade B, respectively. 

In clade A, the topotype sample of “B. platyparietus” from 
Dayao County clustered with eight samples from multiple 
localities in southwestern China to form a monophyletic 
lineage with strong node support (BPP=1.00, BS=100) and 
small divergence (mean P-distance 0.5%), representing the 
"B. platyparietus" lineage. This lineage was the sister taxon to 
(B. chuannanensis+B. feae) with strong node support 
(BPP=1.00, BS=100), but was distant from B. carinense in 
phylogeny. In clade B, Brachytarsophrys samples from Jiangxi 
and Fujian were grouped into a monophyletic lineage with 
strong node support (BPP=1.00, BS=100) and small 
divergence (mean P-distance 0.3%). This was the sister taxon 
to B. popei with moderate genetic difference (mean P-distance 
4.3%) and represented a separately evolving undescribed 
lineage. 

The measurements and body proportions of 
Brachytarsophrys species are shown in Table 4, and the 
boxplot of adult male SVL is shown in Figure 4 (B. carinense 
data were insufficient and excluded). The morphological 
comparisons within Brachytarsophrys are shown in Table 5. 

Adult male body size varies significantly among 
Brachytarsophrys congeners. The specimens from 
southeastern China are significantly smaller than that from 
southwestern China and Indochina. Brachytarsophrys popei 
possesses the smallest body size (SVL 70.7-83.5 mm), 
although the undescribed Brachytarsophrys species partly 
overlaps (SVL 76.8-82.7 mm). The undescribed specimens 
also present a combination of morphological characteristics 
not observed in other known congeners, including small body 
size (SVL 76.8-82.7 mm in seven adult males), moderate 
webbing, and absence of transversal stripes on chest in 
tadpoles. Therefore, based on the morphological and 
molecular differences, these specimens are proposed as a 
new species, Brachytarsophrys orientalis sp. nov., in this 
study. 

Furthermore, the specimens of “B. platyparietus” differ from 
all known congeners by numerous small, conical, horny 
tubercles on pectoral region, lateral belly to lower flank of 
body, ventral surface, and rear of limbs, and by absence of 
dermal ridge or glandular fold on dorsum. Rao & Yang (1997) 
found that the previously reported populations of B. carinense 
in China lacked paired elongate granular folds on dorsum, and 
besides their geographical distribution range was separated 
by another valid species (B. feae). Therefore, they suggested 
that the Chinese populations of B. carinense should be a 
distinct species (B. platyparietus), with B. carinense only being 
distributed in Myanmar and Thailand (Boulenger, 1889; 
Taylor, 1962). Our study supports this suggestion. Thus, the 
“B. platyparietus” lineage should be recognized as a distinct 
valid species within the genus (supplementary description on 
this species is given below). Currently, the species B. 
platyparietus is recognized from eastern and northern Yunnan, 
southern Sichuan, western Guangxi, and northeastern 
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Guizhou. 


DISCUSSION 


In morphology, Brachytarsophrys differs significantly from 
other groups within Megophryinae by a combination of 
morphological characters (see Systematics below). 
Phylogenetically, Brachytarsophrys is a monophyletic group 
(Chen et al., 2017; Deuti et al., 2017; Mahony et al., 2017; 
Poyarkov et al., 2017; Zhang et al., 2017) and differentiated 
from other groups within Megophryinae with a series of 
geological and ecological changes ca. 38.94 million years ago 
(Liu et al., 2018). Ecologically, Brachytarsophrys species 
usually hide in deep crevices between rocks or boulders in 
streams during the breeding season (Fei & Ye, 2001; Fei et 
al., 2009; Smith, 1921; Taylor, 1962; Zhao et al., 2014), which 
is different from other species of Megophryinae (Wang et al., 
2019; Yang et al., 2018). Therefore, Brachytarsophrys exhibits 
significant differences from other groups of Megophryinae in 
every aspect and should be considered a distinct genus. 

For the two Megophryinae taxonomic proposals suggested 
by Chen et al. (2017) and Mahony et al. (2017), Chen’s 
suggestion is inapposite because the genus Xenophrys 
(including Panophrys) is not monophyletic and the genus 
Ophryophryne is inserted between Xenophrys and Panophrys. 
The treatment by Mahony et al. (2017) is also controversial as 
it underrated the significant differences among several groups 
of Megophryinae, for instance, the species of 
Brachytarsophrys. Regarding the recognition of genus 
Brachytarsophrys and the principle of monophyly, these 
taxonomic conflicts may be resolved by elevation of the seven 
subgenera proposed by Mahony et al. (2017) to genus level, 
which fulfills the following three criteria to be descriptively 
useful: reasonably compact, monophyletic, and ecologically, 
morphologically, or biogeographically distinct (Gill et al., 
2005). 

The revalidation of B. platyparietus and the discovery of 
Brachytarsophrys orientalis sp. nov. take the members of the 
genus to seven species. Based on the morphological 
differences and phylogenetic relationships, we propose two 
species groups within Brachytarsophrys: i.e., (1) 
Brachytarsophrys carinense group (Group | in Figure 3), 
characterized by presence of dermal ridge or glandular fold on 
dorsum and large body size, including two species, B. 
carinense and B. intermedia; (2) Brachytarsophrys feae group 
(Group Il in Figure 3), characterized by absence of dermal 
ridge or glandular fold on dorsum and large or small body size, 
including five species, B. chuannanensis, B. feae, 
Brachytarsophrys orientalis sp. nov., B. platyparietus, and B. 


popei. 


Key to species of genus Brachytarsophrys 

For identification, the seven species of Brachytarsophrys can 

be distinguished as follows: 

1a) Presence of dermal ridge or glandular fold on 
GOPSUIM e aeaiia tet s 2 (B. carinense group) 


Table 4 Measurements (in mm; minimum-maximum, meantSD) and body proportions of examined specimens of Brachytarsophrys 
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F: Female; M: Male. —: Not available. 
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SVL (mm) 





B. feae B. platyparietus B. chuannanensis B. intermedia B. popei B. orientalis sp. nov. 


Figure 4 Boxplot of SVL showing body size variation among adult Brachytarsophrys males (data deficiency of B. chuannanensis and B. 


carinense) 


Horizontal lines within each box represent median, and boxes encompass 75th and 25th percentile. 


1b) Absence of dermal ridge or glandular fold on 
GOPSUM isisisi eens ceeends 3 (B. feae group) 
2a) Large body size, SVL 124.0-168.0 mm in females, 
91.6-123.0 mm in males, tibiotarsal articulation reaching 
to axilla in females, to commissure of jaw in males.... 
e E cceza cp sesicesnas ues ceshesveves yesdt ET B. carinense 
2b) Moderate body size, SVL 92.0 mm in females, 86.0—103.0 
mm in males, tibiotarsal articulation nearly reaching 
commissure Of JAW... eeeeeeeeeseeeeeesteeeeeeeee B. intermedia 
3a) Pectoral region, lateral belly to lower flank of body, ventral 
surface, and rear of limbs with dense small, conical, horny 
TUDONCIOS waiisieicieecencrddecscdscnnsa sans cdevesanerenes B. platyparietus 
3b) Pectoral region, lateral belly to lower flank of body, ventral 


surface, and rear of limbs without horny 
tUDCRCIOS s isicthotngi dition aladdin 4 
4a) Toewebbingrudimentary..........:..cccceceeeeeeeseeeeeeteeseeereteeee 5 
4b) Toe webbing well developed............::cecceeeeeeeeeeteeeeeeeeee 6 
5a) Inter metatarsal tubercle approximately equal to first 
LOG PAE ETE B. chuannanensis 
5b) Inter metatarsal tubercle longer than first toe... 
r E E E B. feae 


6a) Tongue feebly notched, smaller webbing, free web margin 
of IV toe only reaching base of articulation between fourth 
phalange and metatarsal, formula (4) IV (4)... 
E TS Brachytarsophrys orientalis sp. nov. 
6b) Tongue deeply notched, larger webbing, free web margin 
of IV toe far beyond articulation between fourth phalange 
and metatarsal, formula (3%) IV (3%)..... ee 
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SYSTEMATICS 


Family Megophryidae Bonaparte, 1850 

Subfamily Megophryinae Bonaparte, 1850 

Genus Brachytarsophrys Tian & Hu, 1983 

Type species: Leptobrachium carinense Boulenger, 1889 
Diagnosis: (1) Large body size, habitus thickset and stout; (2) 
head enormous, and extremely depressed, head width 
approximately twice skull length; (3) presence of transverse 
groove, defining head behind; (4) tympanum hidden; (5) 
maxillary teeth present; (6) pupil vertical; (7) upper eyelid with 
several conical tubercles, one elongated, forming conical or 
flattened horn; (8) hindlimbs short and strongly thickset, heels 
not meeting, separated by greater distance; (9) toes with 
webbing and fringes; (10) inhabits deep crevices between 
rocks or boulders of streams during breeding season. 
Suggested common name: Short-Legged Toads (in English) 
/ Duan Tui Chan (Bt in Chinese). 

Distribution: Tropical and subtropical eastern and 
southeastern mainland Asia, including southern China, 
Myanmar, Vietnam, Laos, and northern Thailand. 

Remarks: The genus Brachytarsophrys was established with 
designating Leptobrachium carinense Boulenger, 1889 as the 
type species (Tian & Hu, 1983). However, from the original 
literature, the examined specimen of L. carinense by Tian & 
Hu (1983) was collected from Jingdong, Yunnan, China, and 
should not be identified as B. carinense but as B. feae 
(Boulenger, 1886). 
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Brachytarsophrys carinense group 

Brachytarsophrys carinense (Boulenger, 1889) 
Leptobrachium carinense: Boulenger, 1889. 

Megophrys carinensis: Bourret, 1942. 

Brachytarsophrys carinensis: Tian & Hu, 1983; Rao & Yang, 
1997. 

Megophrys (Brachytarsophrys) carinensis: Dubois, 1987. 
Brachytarsophrys carinense: Delorme et al., 2006. 

Megophrys (Brachytarsophrys) carinense: Mahony et al., 
2017. 

Syntypes: BMNH and NHMW 2291.1-2 (according to Haupl & 
Tiedemann (1978)) and MSNG 29689 (designated lectotype 
by Capocaccia (1957)), collected from western slopes of 
Karens Mountains (800 m a.s.l.), East of Toungoo, Myanmar. 
Diagnosis: Based on the original description of Boulenger 
(1889) and supplementary description of Taylor (1962) and 
Mahony et al. (2017). (1) Large body size, SVL 124.0-168.0 
mm in females, 91.6—123.0 mm in males; (2) head enormous, 
extremely depressed, head width nearly twice skull length; (3) 
tongue large, feebly notched behind; (4) canthus rostralis 
distinct, loreal region to temporal region very oblique; (5) 
tympanum hidden; (6) maxillary teeth present, vomerine teeth 
present on two widely-separated vomerine ridges; (7) digits 
without subarticular tubercles, tibiotarsal articulation reaching 
axilla in females, commissure of mouth in males; (8) very 
large, flat, oval inner metatarsal tubercle; (9) toes one third 
webbed; (10) presence of transverse fold separating head 
from body; (11) upper eyelid with two to four horn-like conical 
tubercles; (12) oblique dermal ridge on each side of anterior 
part of dorsum; (13) stellate bony deposits in skin of parietal 
region and anterior part of dorsum; (14) single subgular vocal 
sac in males. 

Suggested common name: Broad-Headed Short-Legged 
Toad (in English) / Kuan Tou Duan Tui Chan (LARIE in 
Chinese). 

Distribution and habitats: Currently, B. carinense is 
recognized from southern Myanmar and adjacent northern 
Thailand at elevations of 800 m and upwards. This toad hides 
in crevices between rocks or between the roots of shrubs 
during the day (Boulenger, 1889; Taylor, 1962). 


Brachytarsophrys intermedia (Smith, 1921) 

Megalophrys intermedius: Smith, 1921. 

Megophrys intermedia: Bourret, 1942. 

Brachytarsophrys intermedia: Rao & Yang, 1997. 

Megophrys (Brachytarsophrys) intermedia: Mahony et al., 
2017. 

Syntypes: BMNH (11 specimens—formerly M. Smith) 2067, 
2073, 2075-76, 2078, 2085-86, adult males, 2070, adult 
female, 2083-84, young females, and 2074, without gender 
data, collected from the Langbian Plateau (1 500 m a.s.l.), 
Vietnam. 

Diagnosis: Based on the original description of Smith (1921). 
(1) Medium body size, SVL 92.0 mm in one adult female, 
86.0-103.0 mm in seven adult males; (2) head enormous and 
depressed, head width nearly twice skull length; (3) tongue 
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feebly notched behind; (4) maxillary teeth present, vomerine 
teeth present on two widely-separated vomerine ridges; (5) 
snout round, not protruding beyond margin of lower jaw, 
canthus rostralis distinct; (6) loreal region to temporal region 
very oblique; (7) tympanum hidden; (8) presence of transverse 
groove behind head, separating head from body; (9) digits 
without subarticular tubercles, tibiotarsal articulation reaching 
to commissure of jaw; (10) large, flat, oval inner metatarsal 
tubercles; (11) toes one third to one half webbed, web 
extending as fringe along either side of toes; (12) paired 
oblique glandular folds on dorsum; (13) upper eyelid with 
several conical tubercles, one enlarged to form long horn. 
Suggested common name: Annam Short-Legged Toad (in 
English) / Yue Nan Duan Tui Chan (#5332 hiBYE in Chinese). 
Distribution and habitats: The species occurs in the central 
highlands of southern Vietnam and Laos at elevations above 
900 m. Most specimens have been discovered in deep 
crevices between the rocks or boulders of streams. Loud, 
harsh male croaks can be heard at all times of the day and 
night (Smith, 1921). 


Brachytarsophrys feae group 
Brachytarsophrys chuannanensis Fei, Ye & Huang, 2001 
(Figure 5) 





Figure 5 General aspect of Brachytarsophrys chuannanensis 

A: Dorsolateral view of adult male holotype CIB 98A0045 in 
preservative; B: Ventral view of holotype CIB 98A0045 in preservative; 
C, D: Hand and foot of holotype CIB 98A0045 in preservative; E, F: 
Ventral view of 38th stage tadpole of B. chuannanensis. 


Brachytarsophrys chuannanensis: Fei & Ye, 2001. 

Megophrys (Brachytarsophrys) chuannanensis: Mahony et al., 
2017. 

Holotype: CIB 98A0045, adult male, collected from Zihuai 
(E105°49', N28°48'; 850 m a.s.l.), Hejiang County, Sichuan 
Province, China. 

Paratypes: Eleven adult males without specimen number 
data. 

Examined specimens: 
98A0045. 

Diagnosis: Based on the original description of Fei & Ye 
(2001) and examined specimen. (1) Large body size, SVL 
91.4-109.4 mm in 12 adult males; (2) head enormous and 
depressed, head width nearly twice skull length; (3) maxillary 
teeth well developed, vomerine teeth present on two widely- 
separated vomerine ridges; (4) snout round, slightly protruding 
beyond margin of lower jaw; (5) tympanum hidden; (6) toes 
with rudimentary webbing; (7) heels not meeting; (8) tibiotarsal 
articulation reaching to shoulder or posterior margin of mouth; 
(9) inner metatarsal tubercle approximately equal to first toe; 
(10) upper eyelids with several small tubercles, one enlarged, 
forming horn; (11) presence of transverse groove, defining 
head behind; (12) male with single subgular vocal sac, dorsal 
surface of first and second finger bases with black brown 
nuptial pad; (13) tadpole with a transversal stripe on ventral 
surface. 

Suggested common name: Southern Sichuan Short-Legged 
Toad (in English) / Chuan Nan Duan Tui Chan (J||BaS28B% in 
Chinese). 

Distribution and habitats: The species is distributed in 
Hejiang and Junlian counties, Sichuan Province, southwestern 
China, at 800 to 1 400 m a.s.l.. Specimens are found in or 
near montane streams surrounded by lush vegetation. They 
usually hide in crevices between rocks or dirt burrows in 
streams during the day. Males emit a series of croaks at about 
23:00h. The spawning season is around the middle of May 
(Fei & Ye, 2001). 


One specimen. Holotype CIB 


Brachytarsophrys feae (Boulenger, 1886) (Figure 6) 
Megalophrys feae: Boulenger, 1886. 

Leptobrachium feae: Boulenger, 1889. 

Megophrys feae: Gee & Boring, 1929. 

Brachytarsophrys feae: Rao & Yang, 1997. 

Megophrys (Brachytarsophrys) feae: Mahony et al., 2017. 
Holotype: MSNG 29763, female (according to Capocaccia 
(1957)), collected from Khakhyen Hills, East of Bhamo, 
Myanmar. 

Examined specimens: Five specimens. SYS a001770-1771, 
adult males, collected from Zhenyuan County, Yunnan 
Province, China; SYS a003912-3914, adult males, collected 
from Jingdong County, Yunnan Province, China. 

Diagnosis: Based on the original description of Boulenger 
(1886), supplementary description of Fei et al. (2009), and 
examined specimens. (1) Moderate body size, SVL 78.5—-94.9 
mm in five adult males; (2) head enormous, extremely 
depressed, head width approximately twice skull length; (3) 








Figure 6 General aspect of Brachytarsophrys feae 

A: Dorsolateral view of adult male SYS a0039714 in life; B: Ventral view 
of adult male SYS a003914 in life; C, D: Hand and foot of adult male 
SYS a003914 in life; E: Ventral view of 44th stage tadpole of B. feae. 


tongue pyriform, feebly notched behind; (4) maxillary teeth 
present, vomerine teeth present on two vomerine ridges; (5) 
canthus rostralis indistinct, loreal region concave, temporal 
region oblique; (6) tympanum hidden; (7) _ tibiotarsal 
articulation reaching axilla or commissure of jaw; (8) very 
large, flat, oval inner metatarsal tubercle, longer than first toe; 
(9) toes with rudimentary webbing; (10) upper eyelid with 
several small tubercles, one enlarged, forming horn; (11) 
absence of dermal ridge on dorsum; (12) stellate bony 
deposits on each side of parietal region; (13) male with single 
subgular vocal sac, dorsal surface of first and second finger 
bases with black brown nuptial pad; (14) tadpole with several 
transversal stripes on ventral surface. 

Suggested common name: Fea’s Short-Legged Toad (in 
English) / Fei Shi Duan Tui Chan (2#ECxGiB4E in Chinese). 
Distribution and habitats: This species is currently 
recognized from northern Myanmar and Yunnan Province in 
southwestern China at 650 to 2 100 m a.s.l.. Specimens are 
found in montane streams, under rocks or deep burrows 
surrounded by moist evergreen broadleaf forests. Male 
individuals begin to emit a series of croaks in April. The 
spawning season is from May to June (Fei & Ye, 2009; this 
study). 


Brachytarsophrys popei Zhao, Yang, Chen, Chen & Wang, 
2014 (Figure 7) 

Brachytarsophrys popei: Zhao et al., 2014. 

Megophrys (Brachytarsophrys) popei: Mahony et al., 2017. 
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Figure 7 General aspect of Brachytarsophrys popei 
A: Dorsolateral view of adult male holotype SYS a001867 in life; B: 
Ventral view of holotype SYS a001867 in life. 


Holotype: SYS a001867, adult male, collected from 
Taoyuandong Nature Reserve (N26°30'8.79", E114°03'38.27"; 
1 045 maz.s.l.), Yanling County, Hunan Province, China. 
Paratypes: SYS a001864—1866, adult males, collected from 
same locality as holotype; SYS a001874, 1876-1878, adult 
males, SYS a001875, adult female, collected from Mount 
Jinggang (N26°29'51.85", E114°04'50.68"; 923 m-1 270 m 
a.s.l.), Jinggangshan City, Jiangxi Province, China; SYS 
a000583-0585, 0588-0589, adult males, collected from 
Nanling Nature Reserve (N24°56'14.19", E113°0'13.12"; 1 089 
m-—1 304 m a.s.l.), Ruyuan County, Guangdong Province, 
China. 

Examined specimens: Nine specimens. Holotype SYS 
001867 and paratypes SYS a001864-1866, SYS 
a001874-1878. 

Diagnosis: Based on the original description of Zhao et al. 
(2014) and examined specimens. (1) Relatively small body 
size, SVL 86.2 mm in one adult female, 70.7-83.5 mm in 13 
adult males; (2) head enormous, and extremely depressed, 
head width approximately twice skull length; (3) tongue 
pyriform, deeply notched behind; (4) maxillary teeth present, 
vomerine teeth present on two vomerine ridges; (5) tympanum 
hidden; (6) heels not meeting; (7) tibiotarsal articulation 
reaching to commissure of jaw; (8) toes about one third to two 
thirds webbed in males; (9) upper eyelid with several 
tubercles, one enlarged, forming horn; (10) males with single 
subgular vocal sac, first and second finger bases with dense 
tiny black nuptial spines; (11) tadpole with a transverse white 
stripe on chest reaching spiracle. 

Suggested common name: Pope’s Short-Legged Toad (in 
English) / Po Pu Duan Tui Chan ($Q25%EhiB4 in Chinese). 
Distribution and habitats: Brachytarsophrys popei 
populations occur in Taoyuangdong Nature Reserve, Hunan 
Province, adjacent Mt. Jinggang, Jiangxi Province, and 
Nanling Reserve, Guangdong Province, southeastern China, 
at 900 to 1 300 m a.s.l.. The species can be found under rocks 
in montane streams surrounded by moist subtropical 
evergreen broadleaf forests. Males emit a series of croaks 
from July to September (Zhao et al., 2014). 


Brachytarsophrys platyparietus Rao & Yang, 1997 


(Figure 8) 
Brachytarsophrys platyparietus: Rao & Yang, 1997. 
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Figure 8 General aspect of Brachytarsophrys platyparietus 
A: Dorsolateral view of adult male SYS a005919 in life; B: Ventral view 
of adult male SYS a005919 in life; C, D: Hand and foot of adult male 
SYS a005919 in life. 


Brachytarsophrys carinensis: Fei et al., 2009. 
Brachytarsophrys carinense: Chen et al., 2017. 

Holotype: KIZ 90275, adult male, collected from Duodihe, 
Santai Township, Dayao County, Yunnan Province, China. 
Paratypes: KIZ 90274, adult male, and KIZ 90276, adult 
female, collected from same locality as holotype. 

Examined specimens: Thirteen specimens. KIZ 91001, 
91002, 90267, 90273, adult males, KIZ 90270, adult female, 
and SYS a005919, adult male, collected from same locality as 
holotype; SYS a007774-7777, adult males, collected from Mt. 
Mopan, Xinping Yi and Dai Autonomous County, Yunnan 
Province, China; SYS a007790, adult male, collected from 
Yilong Township, Shiping County, Yunnan Province, China; 
SYS a007853, adult male, collected from Yumen Township, 
Yanbian County, Sichuan Province, China; SYS a002236, 
adult female, collected from Mt. Jinzhong, Longlin Various 
Nationalities Autonomous County, Guangxi Zhuang 
Autonomous Region, China. 

Revision of diagnosis: Brachytarsophrys platyparietus differs 
from other known congeners by the following combination of 
morphological characters: (1) relatively large body size, SVL 
118.5—131.0 mm in three adult females, SVL 88.5—113.0 mm 
in six adult males; (2) head enormous, slightly flattened, head 
width nearly 1.2 times as long as head length, and nearly 
twice skull length; (3) tibiotarsal articulation reaching to 
commissure of jaw in males and females; (4) outer metatarsal 
tubercle absent, inner metatarsal tubercle approximately equal 
to first toe; (5) slightly larger webbing, from distal metatarsals 
to basal toes, webbing formula | (1%4)-(2*) Il (114)-(3) II (2%)- 
(3%) IV (3%4)-(2°) V in males; (6) lateral fringes of males more 
developed than those of females, nearly half as broad as 
distal toe phalanx in males; (7) horn-shaped tubercle on upper 
eyelid extremely elongate, forming a long pointed and 
compressed horn in female; (8) dorsum and flank of body 
without dermal ridge; (9) numerous small, conical, horny 


tubercles scattered on pectoral region, lateral belly to lower 
flank of body, ventral surface, and rear of limbs. 
Comparisons: Brachytarsophrys platyparietus has been 
treated as a synonym of B. carinense, but differs significantly 
from B. carinense by a combination of the following 
characters: dermal ridge on dorsal surface absent (vs. present 
in B. carinense); stellate bony deposits in skin absent (vs. 
stellate bony deposits in skin of parietal region and anterior 
part of dorsum in B. carinense); large warts on dorsal limbs 
present, but dermal ridges absent (vs. slight oblique dermal 
ridges across limbs in B. carinense); first finger longer than 
second (vs. first finger not extending beyond second in B. 
carinense); tibiotarsal articulation reaching commissure of jaw 
in females (vs. reaching axilla in females of B. carinense). 
Brachytarsophrys platyparietus differs from all remaining 
congeners by a combination of the following characters: 
numerous small, conical, horny tubercles on pectoral region, 
lateral belly to lower flank of body, ventral surface, and rear of 
limbs (Figure 9 and Table 5). Brachytarsophrys platyparietus 
differs from B. feae by slightly larger webbing, from distal 
metatarsals to basal toes, webbing formula | (1%)-(2*) Il (1%)- 
(3) Ill (2%)-(3%) IV (3%)-(2°) V in males (vs. smaller webbing, 
from distal metatarsals to basal toes, webbing formula | (2)- 
(2**) Il (2°)-(3) Ill (2%4)-(4) IV (4)-(2%) V in males of B. feae); 
lateral fringes on toes wide, nearly half as broad as distal toe 
phalanx in males (vs. narrow, less than one fourth of distal toe 
phalanx in males of B. feae); stellate bony deposits absent 
(vs. stellate bony deposits on each side of parietal region in B. 
feae); inner metatarsal tubercle approximately equal to first 
toe (vs. inner metatarsal tubercle longer than first toe in B. 
feae). Brachytarsophrys platyparietus differs from B. 
chuannanensis by foot with slightly larger webbing, from distal 
metatarsals to basal toes, webbing formula | (1%)-(2*) Il (1%)- 
(3) Ill (2%)-(3%) IV (3%)-(2°) V in males (vs. smaller webbing, 
from distal metatarsals to basal toes, webbing formula | (1%)- 
(2**) Il (2)-(3**) II (3)-(4) IV (4**)-(2%) V in holotype CIB 
98A0045 of B. chuannanensis); wide lateral fringes on toes, 





Figure 9 Numerous tubercles in 


small, 
Brachytarsophrys platyparietus. 

A, B: Conical horny tubercles in adult male SYS a005919; C, D: 
Conical horny tubercles in adult female SYS a002236. 


conical, horny 


nearly half as broad as distal toe phalanx in males (vs. narrow, 
less than one fifth of distal toe phalanx in holotype CIB 
98A0045 of B. chuannanensis). 

Brachytarsophrys platyparietus differs from B. popei by a 

combination of the following characters: large body size, SVL 
118.5-131.0 mm in three adult females, SVL 88.5—113.0 mm 
in six adult males (vs. 86.2 mm in one adult female, 70.7-83.5 
mm in 13 adult males in B. popei); outer metacarpal tubercles 
absent (vs. present in B. popei); horn-shaped tubercle on 
upper eyelid extremely elongate, pointed, and compressed in 
females (vs. relatively short, blunt, and conical in females of B. 
popei). Brachytarsophrys platyparietus differs from B. 
intermedia by oblique glandular fold on dorsum absent (vs. 
present in B. intermedia), folds across limbs absent (vs. 
present in B. intermedia). 
Description of topotype specimen: SYS a005919, adult 
male. Body stout, large body size, SVL 94.3 mm; head 
enormous and flattened, head width nearly 1.2 times as long 
as head length, and nearly twice skull length (HDW/SKL ratio 
1.80); two visible, large rounded bulges on occipital region, 
forming broad longitudinal concave groove along middle line 
across occiput, and distinct transverse groove, defining head 
behind; snout short (SNT/SVL ratio 0.10), rounded in dorsal 
view, slightly protruding beyond margin of lower jaw; canthus 
rostralis rounded; loreal region oblique, slightly concave; 
nostril oval, close to tip of snout; internasal distance 
significantly smaller than interorbital distance (IND/IOD ratio 
0.77); pupil vertical; temporal region oblique; tympanum 
completely hidden; choanae partly concealed by maxillary 
shelves; maxillary teeth well developed; vomerine teeth 
present on two vomerine ridges between choanae; vomerine 
ridges long, posterior level behind posterior level of choanae, 
widely separated by large distance approximately two times as 
long as length of one ridge; tongue pyriform, feebly notched 
behind. 

Forelimbs short and moderately robust; hands short 
(HND/SVL ratio 0.28); relative finger lengths II<I<IV<III; tips of 
digits round, slightly dilated; no webbing or lateral fringes on 
fingers; no subarticular tubercles and no outer metacarpal 
tubercle, inner metacarpal tubercle significantly enlarged. 

Hindlimbs short and robust (TIB/SVL ratio 0.36); tibiotarsal 
articulation reaching commissure of jaw when hindlimbs 
stretched alongside body; heels not meeting, separated by 8.0 
mm when hindlimbs flexed at right angles to axis of body; 
relative toe lengths I<lI<V<III<IV; tips of toes round, 
moderately dilated; no subarticular tubercles; no tarsal gland; 
inter metatarsal tubercle prominent, elongate, approximately 
equal to first toe, outer metatarsal tubercle absent; slightly 
larger webbing, from distal metatarsals to basal toes, webbing 
formula | (1%)-(2*) Il (1%)-(3) Ill (2%)-(3%) IV (3%)-(2) V; 
webbing extending as wide fringe along either side of toes, 
nearly half as broad as distal toe phalanx. 

Dorsal skin of head smooth; upper eyelid with several large 
conical tubercles, middle one extremely elongate, forming long 
conical horn; supratympanic fold distinct, from posterior corner 
of eye to upper arm insertion on each side; dorsum and flank 


Zoological Research 41(2): 105-122, 2020 117 


of body slightly rough without dermal ridge, scattered with 
some large glandular warts and small tubercles; pair of 
symmetrical conical warts on front of shoulders; dorsal limbs 
with several large warts and small tubercles, not arranged in 
row; ventral surface of head, body, and limbs smooth, with 
several glandular warts arranged on rear of thigh and around 
vent; numerous small, conical, horny tubercles scattered on 
pectoral region, lateral belly to lower flank of body, ventral 
surface, and rear of limbs; pectoral gland and femoral gland 
invisible. 

Measurements (in mm): SVL 94.3, HDL 37.1, SKL 23.9, 

HDW 43.1, SNT 9.9, IND 8.2, IOD 10.6, ED 8.7, HND 26.7, 
RAD 17.6, TIB 34.3, FTL 57.4. 
Coloration: In life, dorsal surface of head brown with dark 
blotches and stripes; wide dark brown stripe bordered with 
yellow between eyes, pair of short oblique discontinuous dark 
stripes bordered with yellow above shoulder; warts and 
tubercles light-colored bordered with yellow; eyes surrounded 
by star-shaped dark brown marking bordered with yellow; 
temporal region under supratympanic fold with broad dark 
brown stripe bordered with light yellow; dorsal digits with black 
cross-bars; chin, throat, pectoral region brown with faint dark 
blotches, two large longitudinal dark stripes edged with yellow 
on lateral throat; pupils black; iris brownish red. 

In preservative, dorsal and ventral surfaces dark brown, 
yellow border edge on stripes between eyes, above shoulder, 
and on lateral throat faded to light yellow, inter metatarsal 
tubercle faded to grayish-white. 

Variation: Measurements are given in Table 4 and variations 
are as follows: SYS a007776 and SYS a007777, slightly larger 
webbing, toe webbing formula | (1%)-(2) Il (1%)-(3) Ill (2%)- 
(3%) IV (3%)-(2) V. SYS a002236, adult female, heels not 
meeting, separated by 9.5 mm; foot webbing and lateral 
fringes of toes slightly smaller than those of adult male 
specimens, toe webbing formula | (1%)-(2°) Il (1%4)-(3) Ill (2%)- 
(4) IV (4)-(2%) V; webbing extending as fringe along either 
side of toes, nearly one fourth as broad as distal toe phalanx; 
yellowish brown body. 

Male secondary sexual characteristics: Male with single 
subgular vocal sac; dorsal surface of first and second finger 
bases with indistinct, not elevated nuptial pad, bearing dense 
tiny black nuptial spines (in preservative). 

Suggested common name: Flat-Headed Short-Legged Toad 
(in English) / Ping Tou Duan Tui Chan (Æ 3k 36 PR tE in 
Chinese). 

Distribution and habitats: Currently, Brachytarsophrys 
platyparietus is recognized from Duodihe of Dayao County, 
Mt. Mopan of Xinping County, Yilong Township of Shiping 
County, Mt. Jinzhong of Longlin County, Mt. Fanjing of 
Tongren City, Yumen Township of Yanbian County, indicating 
its potential distribution areas, which range across central 
southwestern China at around 2 000 m a.s.l.. These toads 
inhabit montane streams surrounded by moist subtropical 
evergreen broadleaf forests. Some adult males have been 
found near batches of eggs attached to the bottom of a rock, 
suggesting that adult males may exhibit egg protection 
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behavior (Figure 10). 





Figure 10 Egg protection behavior in 
platyparietus 
A: Under rock, adult male on left protected eggs on right; B: Eggs of B. 


platyparietus. 


Brachytarsophrys 


Brachytarsophrys orientalis sp. nov. Y Li, Lyu, J Wang & 
YY Wang (Figure 11) 

Holotype: SYS a004227, adult male, collected by Jian Wang 
and Hai-Long He, on 4 August 2015 from Jiulianshan Nature 
Reserve (N24°34'47", E114°26'9"; 400 m a.s.l.), Longnan 
County, Jiangxi Province, China. 

Paratypes: Five specimens from the same locality as the 
holotype: SYS a004225/ CIB 110009, SYS a004226 and 
4228, adult males, same collection data as holotype; SYS 
a004486, adult female, collected by Jiang Wang and Hai-Long 
He on 22 September 2015; SYS a005451, adult male, 
collected by Zhi-Tong Lyu and Hai-Long He on 21 August 
2016. 

Other examined specimens: SYS a003249, adult male, 
collected by Run-Lin Li on 20 August 2014 from Gutian 
Township (N25°13'11", E116°49'43"; 700 m a.s.l.), Shanghang 
County, Fujian Province, China; SYS a003340, adult male, 
collected by Zhi-Tong Lyu and Zu-Yao Liu on 22 August 2014 
from Huboliao Natural Reserve (N24°40'28", E117°5'21"; 200 
m a.s.l.), Nanjing County, Fujian Province, China; SYS 





Figure 11 General aspect of Brachytarsophrys orientalis sp. nov. 
A: Dorsolateral view of adult male holotype SYS a004227 in life; B: 
Ventral view of holotype SYS a004227 in life; C, D: Hand and foot of 
holotype SYS a004227 in life. 


a004622, tadpole in stage 36, collected from same locality as 
holotype by Jian Wang, Zhi-Tong Lyu and Hai-Long He on 01 
April 2016. 

Diagnosis: Brachytarsophrys orientalis sp. nov. is 
characterized by the following combination of morphological 
characters: (1) relatively small body size, SVL 88.6 mm in 
single adult female, SVL 76.8—82.7 mm in seven adult males; 
(2) head enormous and depressed, head width nearly 1.2 
times as long as head length and nearly twice skull length; (3) 
tongue pyriform, feebly notched behind; (4) heels not meeting; 
(5) tibiotarsal articulation reaching to commissure of jaw; (6) 
outer metatarsal tubercle absent, inner metatarsal tubercle 
approximately equal to first toe; (7) smaller webbing, from 
distal metatarsals to basal toes, webbing formula | (1%)-(2) Il 
(1%)-(3) Ill (2%)-(4) IV (4)-(2) V in males; (8) lateral fringes of 
males more developed than those of females, nearly one third 
as broad as distal toe phalanx in males; (9) absence of a 
transversal stripe on chest in tadpole. 

Comparisons: Comparative data of Brachytarsophrys 
orientalis sp. nov. with other congeners are listed in Table 5. 
Brachytarsophrys orientalis sp. nov. differs from its sister 
taxon B. popei by the following characters: tongue feebly 
notched (vs. tongue deeply notched in B. popei); smaller 
webbing, webbing formula | (1%)-(2) Il (1%)-(3) Ill (2%)-(4) IV 
(4)-(2) V in males, | (2)-(2*) Il (174)-(3) III (3°)-(4) IV (4*)-(2%) V 
in females (vs. slightly larger webbing, webbing formula | 
(1%)-(2) Il (1%)-(3) Ill (2%2)-(3%) IV (3%)-(2) V in males, | 
(1%)-(2*) Il (1%)-(3) Ill (2%)-(4) IV (4)-(2) V in females of B. 
popei) (Figure 12A—D); transversal stripe on chest in tadpole 
absent (vs. a transversal stripe reaching spiracle in B. popei) 
(Figure 12E-H). 

Brachytarsophrys orientalis sp. nov. differs from the 
remaining five congeners by the following combination of 
morphological characters: small body size, SVL 88.6 mm in 
one adult female, SVL 76.8-82.7 mm in seven adult males 
(vs. 124.0-168.0 mm in adult females, 91.6—123.0 mm in adult 
males in B. carinense; 118.5-131.0 mm in three adult 
females, 88.5—113.0 mm in six adult males in B. platyparietus; 
91.4-109.4 mm in 12 adult males in B. chuannanensis; 92.0 
mm in one adult female, 86.0-103.0 mm in seven adult males 
in B. intermedia). Brachytarsophrys orientalis sp. nov. further 
differs from B. platyparietus by absence of numerous small, 
conical, horny tubercles on pectoral region, lateral belly to 
lower flank of body, ventral surface, and rear of limbs (vs. 
present in B. platyparietus). Brachytarsophrys orientalis sp. 
nov. further differs from B. chuannanensis and B. feae by 
lateral fringes on toes wide, nearly one third as broad as distal 
toe phalanx in males (vs. narrow, less than one fourth of distal 
toe phalanx in males of B. feae, less than one fifth in B. 
chuannanensis); transversal stripe on chest in tadpoles absent 
(vs. transversal stripe reaching spiracle in tadpole in B. 
chuannanensis and B. feae). Brachytarsophrys orientalis sp. 
nov. differs from B. carinense and B. intermedia by lack of 
dermal ridge on dorsum (vs. oblique dermal ridge on each 
side of anterior half dorsum in B. carinense, oblique glandular 
fold on dorsum in B. intermedia). 








Figure 12 Morphological differences between Brachytarsophrys 
orientalis sp. nov. and B. popei 

A: Sole of feet in male holotype SYS a004227 of Brachytarsophrys 
orientalis sp. nov.; B: Sole of feet in female paratype SYS a004486 of 
Brachytarsophrys orientalis sp. nov.; C: Sole of feet in male holotype 
SYS a001867 of B. popei; D: Sole of feet in female paratype SYS 
a001875 of B. popei, E, F: Ventral view of 36th stage tadpole of 
Brachytarsophrys orientalis sp. nov.; G, H: Ventral view of 29th stage 
tadpole of B. popei. 


Description of holotype: Body stout, moderate body size, 
SVL 82.7 mm; head enormous and depressed, head width 
nearly 1.2 times as long as head length, and nearly twice skull 
length (HDW/SKL ratio 1.98); two visible large rounded bulges 
on occipital region, forming broad longitudinal concave groove 
along middle line across occiput, and distinct transverse 
groove, defining head behind; snout short (SNT/SVL ratio 
0.12) and round, slightly protruding beyond margin of lower 
jaw; canthus rostralis indistinct, not sharp; loreal region 
oblique, slightly concave; nostril oval, close to tip of snout; 
internasal distance smaller than interorbital distance (IND/IOD 
ratio 0.63); pupil vertical; temporal region oblique, slightly 
concave; tympanum hidden; maxillary teeth well developed; 
vomerine teeth present on two vomerine ridges between 
choanae; vomerine ridges long, posterior level behind 
posterior level of choanae, widely separated by large distance 
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approximately 1.5 times as long as length of one ridge; tongue 
pyriform, feebly notched behind. 

Forelimbs short and moderately robust; hands short 
(HND/SVL ratio 0.26); relative finger lengths II<I<IV<IlI; tips of 
digits round, slightly dilated; no webbing or lateral fringes on 
fingers; no subarticular tubercles; inner metacarpal tubercle 
significantly enlarged, outer metacarpal tubercle slightly 
enlarged. 

Hindlimbs short and robust (TIB/SVL ratio 0.40); tibiotarsal 
articulation reaching commissure of jaw when hindlimbs 
stretched alongside body; heels not meeting, separated by 5.6 
mm when hindlimbs flexed at right angles to axis of body; 
relative toe lengths I<lI<V<III<IV; tips of toes round, 
moderately dilated; no subarticular tubercles; no tarsal glands; 
inter metatarsal tubercle prominent, elongate, approximately 
equal to first toe, outer metatarsal tubercle absent; smaller 
webbing, from distal metatarsals to basal toes; webbing 
formula | (174)-(2) Il (174)-(3) II (2%4)-(4) IV (4)-(2) V; webbing 
extending as wide fringe along either side of toes, nearly one 
third as broad as distal toe phalanx. 

Dorsal skin of head smooth; upper eyelids with several large 
conical tubercles, one enlarged, forming horn; supratympanic 
fold distinct, from posterior corner of eye to upper arm 
insertion on each side; dorsum and flank of body slightly 
rough, scattered with some large glandular warts and small 
tubercles; dorsal limbs with some small tubercles; ventral 
surface of head, body, and limbs smooth, some tubercles 
arranged on rear of thigh and around vent; pectoral gland 
distinct and irregular, femoral gland indistinct. 

Measurements (in mm): SVL 82.7, HDL 33.8, SKL 21.3, 

HDW 42.2, SNT 10.3, IND 8.6, IOD 13.6, ED 10.2, HND 21.6, 
RAD 19.7, TIB 33.3, FTL 48.6. 
Coloration: In life, dorsal surface of head and body brown 
with dark blotches and stripes; irregular dark brown V-shaped 
marking between eyes, some small dark blotches on posterior 
of occiput forming distinct wide streak; dark tubercles on 
dorsum, cream yellow tubercles on sides of body; upper lip 
light brown; tympanic region brown; some irregular black 
blotches on dorsal limbs; dorsal digits with brown blotches and 
cream white blotches; ventral surface grayish brown with small 
white granular spots; pectoral gland yellowish; tip of digits, 
metacarpal tubercles, and inner metatarsal tubercle pale; 
pupils black; iris brownish. 

In preservative, dorsal and ventral surfaces dark brown; 

upper lip cream; irregular dark brown V-shaped marking 
becoming indistinct, pectoral gland and tubercles fading to 
grayish-white. 
Description of tadpole: Body slender, oval; tail depth slightly 
larger than body depth; dorsal fin arising just before origin of 
tail, tapering gradually to narrow, pointed tip; tail 2.2 times as 
long as body length, BL 12.3 mm and TL 27.6 mm in 36th 
stage tadpole (Figure 12E—-F). Eyes large, lateral; nostrils 
dorsolateral; spiracle on left side of body, closer to eye than to 
end of body; anal tube long, attached to ventral fin; oral disk 
with lips expanded vertically forming dorsally oriented funnel. 

Body brown; two short, longitudinal white stripes on sides of 
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ventral surface of head; posteriorly absent transversal white 
stripe on chest; two short longitudinal white stripes along sides 
of body; belly mottled with dense white speckles between two 
longitudinal stripes; tail with three short dark longitudinal 
stripes, one at base of dorsal fin, one at base of ventral fin, 
one on middle line of tail of tadpole. 

Variation: Measurements of type series are given in 
Table 4. All specimens were similar in morphology and color 
pattern. The female paratype SYS a004486 differs from males 
by foot webbing and lateral fringes of toes slightly smaller than 
those of adult male specimens, toe webbing formula | (2)-(2*) 
Il (1%)-(3) Il (3°)-(4) IV (4*)-(2%) V in female; webbing 
extending as fringe along either side of toes, nearly one sixth 
as broad as distal toe phalanx; yellowish brown body. 
Enlarged tubercles on edge of upper eyelid longer in SYS 
a004225 and SYS a004226. 

Male secondary sexual characteristics: Male with single 
subgular vocal sac; nuptial pad on dorsal surface of first and 
second fingers, nuptial spines black (in preservative). 
Etymology: The specific name “orientalis” refers to the 
distribution of the new species, which is the easternmost 
species within the genus Brachytarsophrys. 

Suggested common name: Oriental Short-Legged Toad (in 
English) / Dong Fang Duan Tui Chan (KAARE in Chinese). 
Distribution and habitats: Currently, Brachytarsophrys 
orientalis sp. nov. is only known from the Jiulianshan Nature 
Reserve in Jiangxi Province and Gutian Township and 
Huboliao Nature Reserve in Fujian Province, China, at 200 to 
700 m a.s.l.. This species is found under rocks in montane 
streams surrounded by moist subtropical evergreen broadleaf 
forests (Figure 1B). All male individuals were observed in 
August and emitted a series of croaks from hidden positions. 


NOMENCLATURAL ACTS REGISTRATION 


The electronic version of this article in portable document 
format represents a published work according to the 
International Commission on Zoological Nomenclature (ICZN), 
and hence the new names contained in the electronic version 
are effectively published under that Code from the electronic 
edition alone (see Articles 8.5-8.6 of the Code). This 
published work and the nomenclatural acts it contains have 
been registered in ZooBank, the online registration system for 
the ICZN. The ZooBank LSIDs (Life Science Identifiers) can 
be resolved and the associated information can be viewed 
through any standard web browser by appending the LSID to 
the prefix http://Zzoobank.org/. 

Publication LSID: 
urn:lsid:zoobank.org:pub:745F3A5C-9D92-4D60-981D- 
1380EQOEEB845. 

Brachytarsophrys orientalis LSID: 
urn:lsid:zoobank.org:act:B93B722F-40C3-40D0-8C7A- 
879DBD5CC25F. 
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ABSTRACT 


Interleukin-34 (IL-34) is a novel cytokine that plays 
an important role in innate immunity and 
inflammatory processes by binding to the colony- 
stimulating factor-1 receptor (CSF-1R). However, 
information on the function of IL-34 in fish remains 
limited. In the present study, we identified an IL-34 
homolog from mudskippers (Boleophthalmus 
pectinirostris). In silico analysis showed that the 
mudskipper IL-34 (BpIL-34) was similar to other 
known IL-34 variants in sequence and structure and 
was most closely related to an orange-spotted 
grouper (Epinephelus coioides) homolog. BpiL-34 
transcripts were constitutively expressed in various 
tissues, with the highest level of expression found in 
the brain. Edwardsiella tarda infection significantly 
up-regulated the mRNA expression of Bp/L-34 in the 
mudskipper tissues. The recombinant mature BplL- 
34 peptide (rBplL-34) was purified and used to 
produce anti-rBpIL-34 IgG. Western blot analysis 
combined with PNGase F digestion revealed that 
native BpIL-34 in monocytes/macrophages 
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(MOs/M®s) was N-glycosylated. /n vitro, rBpIL-34 
treatment enhanced the  phagocytotic and 
bactericidal activity of mudskipper MOs/M®s, as well 
as the mRNA expression of pro-inflammatory 
cytokines like tumor necrosis factor a (Bo TNF-a) and 
BpIL-1B in these cells. Furthermore, the knockdown 
of mudskipper CSF-1R1 (BpCSF-1R1), but not 
mudskipper BoCSF-1R2, significantly inhibited the 
rBpIL-34-mediated enhanced effect on MO/M® 
function. In conclusion, our results indicate that 
mudskipper BplIL-34 modulates the functions of 
MOs/MQs via BpCSF-1R1. 


Keywords: Interleukin-34; Mudskipper; Monocyte/ 
macrophage function; FEdwardsiella tarda; Colony- 
stimulating factor-1 receptor 

INTRODUCTION 


Cytokines comprise a large group of proteins, peptides, and 
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glycoproteins that are secreted by specific cells of the immune 
system to mediate and regulate immunity, inflammation, and 
hematopoiesis (Wang & Secombes, 2013; Zou & Secombes, 
2016). There are many types of cytokines including 
chemokines, interferons, interleukins, lymphokines, and tumor 
necrosis factor. In recent years, considerable progress has 
been made in the cloning, sequencing, and functional analysis 
of fish cytokine genes (Ogryzko et al., 2014; Secombes & Zou, 
2017; Wang & Secombes, 2013). Our increasing knowledge 
on the regulation of fish immune responses by cytokines and 
their potential use as candidate drugs for disease control in 
aquaculture makes fish cytokine biology an attractive and 
rapidly expanding field (Secombes, 2016). 

In a brilliant study that aimed to understand the system of 
secreted proteins and receptors involved in cell—cell signaling, 
interleukin 34 (IL-34), a secreted protein with high functional 
selectivity that stimulates monocyte survival, was identified as 
the second ligand of the colony-stimulating factor-1 receptor 
(CSF-1R) (Lin et al., 2008). The IL-34 structure is comprised 
of two B strands, four short helices, and four long helices, with 
an antiparallel four-helix core homologous to that of CSF-1 
(Ma et al., 2012). CSF-1 is a cytokine that controls the 
production, differentiation, and function of macrophages, and 
CSF-1R mediates most, if not all, of the biological effects of 
CSF-1 (Liu et al., 2012; Nakamichi et al., 2013). IL-34 binds to 
CSF-1R with higher affinity than that of CSF-1 and induces the 
enhanced phosphorylation of CSF-1R and stronger activation 
of signaling pathways (Chihara et al., 2010). In addition, IL-34, 
but not CSF-1, binds to two other receptors, namely PTP- 
and syndecan-1 (Baghdadi et al., 2018). PTP-¢ is a 
chondroitin sulfate proteoglycan, with expression restricted to 
the brain (neural progenitors and glial cells) and kidney 
(Masteller & Wong, 2014). IL-34 binds to the extracellular 
domains of PTP-Z, resulting in the activation of several 
signaling pathways that regulate cell proliferation, motility, and 
clonogenicity (Baghdadi et al., 2018). The binding of IL-34 to 
syndecan-1 modulates the activation of CSF-1R and appears 
to be involved in the regulation of myeloid cell migration 
(Vasek et al., 2016). IL-34 and CSF-1 are equivalent in their 
ability to induce macrophage differentiation but exhibit 
different polarization potentials (Baghdadi et al., 2018). In 
contrast to CSF-1, IL-34 has a restricted pattern of expression 
(Nandi et al., 2012) and seems to be required for the 
generation of a restricted set of tissue-specific macrophages, 
including microglia and Langerhans cells, two types of 
phagocytes present in the brain and skin, respectively (Greter 
et al., 2012; Nakamichi et al., 2013; Wang et al., 2012). Over 
the past decade, accumulating evidence has shown that IL-34 
exerts potent immunomodulatory effects under many 
pathological states such as infections, inflammatory diseases, 
autoimmune diseases, cancer, transplant rejection, and 
neurological diseases (Baghdadi et al., 2018; Grayfer & 
Robert, 2014, 2015; Kim & Turka, 2015; Masteller & Wong, 
2014). 

In fish, single copies of the /L-34 gene have been found in 
the genome of rainbow trout (Oncorhynchus mykiss), 
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zebrafish (Danio rerio), fugu (Takifugu rubripes), orange- 
spotted grouper (Epinephelus coioides), large yellow croaker 
(Larimichthys crocea), and grass carp (Ctenopharyngodon 
idella) (Mo et al., 2015; Wang et al., 2013, 2018; Xue et al., 
2019). To date, however, information on the expression of /L- 
34 in fish is still limited. Analysis of gene expression in tissues 
showed that /L-34 is constitutively expressed in rainbow trout, 
large yellow croaker, and grass carp, with highest expression 
in the spleen (Wang et al., 2013, 2018; Xue et al., 2019); 
however, in orange-spotted grouper, the highest level of 
expression is reported in the brain (Mo et al., 2015). 
Furthermore, /L-34 expression is tightly associated with 
pathogen stimulation. For example, studies on rainbow trout 
and grouper have demonstrated that parasitic infection can 
lead to elevated /L-34 transcript levels in tissues, especially in 
infected sites (Mo et al., 2015; Wang et al., 2013). Stimulation 
by viral or bacterial pathogens has also been shown to up- 
regulate the expression of /L-34 in large yellow croaker (Wang 
et al., 2018), golden pompano (Trachinotus ovatus) (Wu et al., 
2019), and grass carp (Xue et al., 2019). However, the 
functions and underlying mechanisms of IL-34 in fish immune 
responses remain unclear. Recent study showed that 
recombinant grass carp IL-34 produced in bacteria and 
HEK293T cells has a stimulatory effect on the expression of 
IL-1B, IL-6, and IL-8 but inhibits the expression of IL-10 and 
TGF-B in primary head kidney macrophages (Xue et al., 
2019), suggesting that IL-34 is a pro-inflammatory cytokine. 
Another study on zebrafish showed that ectopically expressed 
IL-34 can induce macrophage migration to the liver in vivo 
(Jiang et al., 2019). As putative receptors for IL-34, CSF-1Rs 
have already been identified as specific markers of 
macrophages in some teleost fish species, such as gilthead 
seabream (Sparus aurata) (Roca et al., 2006), goldfish 
(Carassius auratus) (Katzenback & Belosevic, 2012), ayu 
(Plecoglossus altivelis) (Chen et al., 2016b), and grass carp 
(Chen et al., 2015). Unlike mammals, teleost fish commonly 
possess two CSF-1R genes (CSF-1R1 and CSF-1R2), which 
are widely expressed in tissues, including the head kidney and 
spleen (Chen et al., 2015, 2016b; Dan et al., 2013; Honda et 
al., 2005; Katzenback & Belosevic, 2012; Mulero et al., 2008; 
Williams et al., 2002). A soluble form of CSF-1R has also 
been described in goldfish, which is important in the regulation 
of leucocyte-related immune responses (Rieger et al., 2013, 
2014, 2015). However, the relationship between IL-34 and 
CSF-1Rs in fish has not been investigated to date. 
Mudskipper fish (Boleophthalmus pectinirostris) are usually 
found in soft mudflat estuaries and coastal waters after ebb 
tides. Their behavioral, physiological, and morphological 
characteristics have become specialized and adapted to an 
amphibious lifestyle (You et al., 2018). The complete genomic 
sequences of mudskippers show many immune genes for 
adaptations to their complex habitats (You et al., 2014). 
Edwardsiella tarda is a gram-negative, facultative anaerobic 
bacterium that infects multifarious hosts, including fish, 
amphibians, and humans (Slaven et al., 2001; Xu & Zhang, 
2014). Bacterial infections cause large aquacultural losses in 


Asia, especially in China and Japan (Xu & Zhang, 2014). Our 
previous report showed that intraperitoneal infection with E. 
tarda is lethal to mudskippers (Chen et al., 2016a). Given the 
importance of IL-34 in anti-bacterial innate immune responses, 
studies on the biological function and mechanism of IL-34 in 
mudskippers against E. tarda infection are crucial. In this 
study, we identified an /L-34 gene (Bp/L-34) in mudskippers 
based on genomic sequences and investigated mRNA 
expression in the tissues of healthy and E. tarda-infected fish. 
Moreover, we prepared the recombinant mature peptide of 
BpIL-34 (rBplL-34) and determined its effect on 
monocyte/macrophage (MO/M®) functions, including 
phagocytosis, bactericidal activity, and cytokine mRNA 
expression. Furthermore, two mudskipper CSF-1R genes 
(BpCSF-1R1 and BpCSF-1R2) were identified, with the effect 
of BopCSF-1R1 and BpCSF-1R2 knockdown on BplL-34- 
activated MO/M® functions also investigated. These findings 
should provide new insights into IL-34 as a drug candidate for 
controlling biological diseases in fish. 


MATERIALS AND METHODS 


Fish maintenance 

Healthy mudskippers without visible pathological symptoms, 
weighing 35—40 g each, were purchased from a commercial 
farm in Ningbo city, China. The fish were kept at a salinity of 
10 and temperature of 24-26°C in a filtered-water 
recirculating system. The fish were allowed two weeks to 
acclimatize to laboratory conditions. In addition, they were 
randomly selected for polymerase chain reaction (PCR) 
determination of E. tarda in blood and liver with E. tarda- 
specific primers gyrBF (5'-TGGCGACACCGAGCAGA-3’) and 
gyrBR (5'-ACAAACGCCTTAATCCCACC-3’') and showed to 
be E. tarda-free (Guan et al., 2017). All experiments were 
performed according to the Experimental Animal Management 
Law of China and approved by the Animal Ethics Committee 
of Ningbo University. 


Molecular characterization of Bp/L-34 cDNA 

The cDNA sequence of Bp/L-34 was retrieved from our 
transcriptome data of mudskipper by BLAST search 
(http://blast.ncbi.nim.nih.gov/Blast.cgi) and verified in 
mudskipper genomic sequences (You et al., 2014). The 
molecular weight and isoelectric point of putative BpIL-34 
were calculated using the ExPASy Compute pl/MW tool 
(https://www.expasy.org/tools). SignalP 5.0 (http:/Awww.cbs.dtu. 
dk/services/SignalP/) was used to predict the sequence of the 
signal peptide. SMART (http://smart.embl-heidelberg.de/) was 
used to predict the domain architecture of the putative protein. 
Potential N-glycosylation sites were predicted using the 
NetNGlyc1.0 Server (http://www.cbs.dtu.dk/services/ 
NetNGlyc/). Multiple sequence alignments were performed 
and analyzed using ClustalW (http://clustalw.ddbj.nig.ac.jp/). 
Phylogenetic tree analysis was conducted with MEGA v5.0 
(Tamura et al., 2011). The related /L-34 and CSF-1 
sequences are listed in Table 1. 


In vivo bacterial challenge and tissue collection 

In vivo E. tarda challenge was performed on the mudskippers 
as described previously (Guan et al., 2017). The E. tarda 
strain MCCC 235 (purchased from the Marine Culture 
Collection of China) was cultured in Tryptic Soy Broth (TSB) 
medium at 28 °C with shaking and collected in the logarithmic 
growth phase. The fish were then intraperitoneally injected 
with 1.0x10* colony forming units (CFUs) of live E. tarda per 
fish, with the control group treated with the same volume of 
phosphate-buffered saline (PBS). At 4, 8, 12, and 24 h post- 
injection (hpi), the liver, spleen, kidney, and brain were 
collected. The tissues of healthy fish without treatment, 
including the kidney, muscle, liver, skin, spleen, gill, brain, and 
intestine, were also collected. Prior to tissue dissection, fish 
were anesthetized with 0.03% (v/v) ethylene glycol 
monophenyl ether and sacrificed. 


Quantitative real-time PCR (qRT-PCR) 

Total RNA was extracted from fish tissues and MOs/M@s 
using RNAiso reagent (TaKaRa, Dalian, China). After 
treatment with DNase | (TaKaRa, Dalian, China), first-strand 
cDNA was synthesized using AMV reverse transcriptase 
(TaKaRa, Dalian, China). qRT-PCR was performed on an ABI 
StepOne Real-Time PCR System (Applied Biosystems, Foster 
City, USA) using SYBR premix Ex Taq II (TaKaRa, Dalian, 
China) as described previously (Chen et al., 2019). The 
primers used are listed in Table 2. The reaction mixture was 
incubated for 5 min at 94 °C, and then subjected to 40 
amplification cycles of 30 s at 94 °C, 30 s at 60 °C, and 30 s at 
72 °C, followed by melting curve analysis for 30 s at 94 °C, 30 s 
at 72 °C, and 30 s at 94 °C. Relative gene expression of Bp/L- 
34 in healthy or E. tarda-infected samples was calculated 
using the 24° and 2-44¢T methods, respectively, and the data 
were normalized to Bp18S rRNA levels. Each PCR run was 
performed with four samples and repeated three times. 


Prokaryotic expression and purification of recombinant 
mature BpIL-34 (rBpIL-34) 

The primers BpIL-34pF (5'-CGGAATTCGCCCCCACTCCTT 
CGAGC-3’, underline indicates an introduced EcoR | site) and 
BpIL-34pR (5'-CCGCTCGAGTCAGCTTTTTGTGTTCACATTC 
T-3', underline indicates an introduced Xho | site) were 
designed to amplify the sequence encoding the mature BplL- 
34 (mBpIL-34) peptide. After digestion with EcoR | and Xho |, 
the amplicon was cloned into the pET-28a vector and the 
constructed plasmid (pET28a-mBpIL-34) was subsequently 
transformed into Escherichia coli BL21 (DE3). Here, rBpIL-34 
was overexpressed by the induction of isopropyl-B-D- 
thiogalactopyranoside (IPTG) and subsequently purified using 
a Ni-NTA column (TaKaRa, Dalian, China) according to the 
manufacturer’s instructions. Endotoxin in the recombinant 
proteins was detected using the Limulus amebocyte lysate 
test and was found to be less than 0.1 EU/mg after toxin 
removal with an endotoxin-removal column (Pierce, Rockford, 
USA). 


Antibody preparation and Western blot assays 
Antibody production was performed as reported previously 
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Table 1 IL-34 and CSF-1 sequences used for multiple sequence alignment and phylogenetic tree analysis 








l Species 
GenBank accession No. Gene 
Latin name English name 

XM_020935293 Boleophthalmus pectinirostris Mudskipper IL-34 
NM_001128701 Danio rerio Zebrafish IL-34 
KM350155 Epinephelus coioides Orange-spotted grouper IL-34 
NM_001257301 Oncorhynchus mykiss Rainbow trout IL-34 
XM_030427145 Sparus aurata Gilthead seabream IL-34 
NM_001305607 Takifugu rubripes Tiger puffer IL-34 
XM_020104586 Paralichthys olivaceus Japanese flounder IL-34 
XM_019360775 Oreochromis niloticus Nile tilapia IL-34 
XM_010743578 Larimichthys crocea Large yellow croaker IL-34 
XM_014124241 Salmo salar Atlantic salmon IL-34 
XM_017465109 Ictalurus punctatus Channel catfish IL-34 
XM_019087026 Cyprinus carpio Common carp IL-34 
XM_011476357 Oryzias latipes Japanese rice fish IL-34 
XM_027161223 Tachysurus fulvidraco Yellow catfish IL-34 
XM_013138989 Esox lucius Northern pike IL-34 
XM_026287434 Carassius auratus Goldfish IL-34 
XM_007249177 Astyanax mexicanus Mexican tetra IL-34 
MK297321 Ctenopharyngodon idella Grass carp IL-34 
XM_020456685 Oncorhynchus kisutch Coho salmon IL-34 
XM_024802984 Maylandia zebra Zebra mbuna IL-34 
NM_152456 Homo sapiens Human IL-34 
NM_001135100 Mus musculus Mouse IL-34 
NM_001025766 Rattus norvegicus Rat IL-34 
NM_001285975 Sus scrofa Pig IL-34 
XM_022419217 Canis lupus familiaris Dog IL-34 
XM_023637306 Equus caballus Horse IL-34 
XM_018260639 Xenopus laevis African clawed frog IL-34 
XM_003641892 Gallus gallus Chicken IL-34 
XM_019535589 Crocodylus porosus Crocodile IL-34 
NM_001100324 Bos taurus Cattle IL-34 
NM_001114480 Danio rerio Zebrafish CSF-1 
NM_001080076 Danio rerio Zebrafish CSF-1-2 
NM_001124394 Oncorhynchus mykiss Rainbow trout CSF-1 
NM_001160476 Oncorhynchus mykiss Rainbow trout CSF-1-2 
KM350156 Epinephelus coioides Orange-spotted grouper CSF-1-2 
NM_001280600 Xenopus laevis African clawed frog CSF-1 
XM_017000369 Homo sapiens Human CSF-1 
XM_024984551 Bos taurus Cattle CSF-1 
XM_008761428 Rattus norvegicus Rat CSF-1 
NM_001113530 Mus musculus Mouse CSF-1 
NM_001193295 Gallus gallus Chicken CSF-1 





(Chen et al., 2019). Briefly, purified rBpIL-34 was used as an 
immunogen to produce antiserum in Institute of Cancer 
Research (ICR) mice. Protein A agarose beads (Invitrogen, 
Shanghai, China) were used to precipitate IgG (anti-rBpIL-34 
IgG) from the antisera. The IgG from saline-injected ICR mice 
(isotype IgG) was also purified. 

Western blotting was performed to detect native rBpIL-34 in 
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mudskipper MOs/M®s using anti-rBpIL-34 IgG as per previous 
research (Chen et al., 2019). Briefly, protein samples were 
resolved by SDS-PAGE and transferred to a polyvinylidene 
fluoride membrane. Anti-rBpIL-34 IgG was used as the 
primary antibody at a 1:1 000 dilution, followed by horseradish 
peroxidase (HRP)-labeled goat anti-mouse IgG (1:5 000) as 
the secondary antibody. Proteins were visualized using an 


Table 2 Oligonucleotide primers used in the qRT-PCR analysis of mudskipper genes 





Gene GenBank accession No. Primer Nucleotide sequence (5'—3') 
BpIL-34 XM_020935293 BpIL-34RF GCAGGAGCTTCCAGAGTCAG 
BpIL-34RR CCTCCAATGGGACCTGTCAC 
BpiL-1B KX492895 BpIL-1BF ACGAGTGGTGAATGTGGTCA 
BpIL-1BR GAACTGAGGTTGTGCTGCAA 
BpTNF-a KX492896 BpTNF-aF GGACAACAACGAGATCGTGA 
BpTNF-aR GTTCCACCGTGTGACTGATG 
BpIL-6 XM_020932674 BpIL-6F GCAGCACGTCAGAAGATGAGA 
BpIL-6R TCTCTGAGAAACTCGTGCAGC 
BpTGF-B XM_020928521 BpTGF-BF TCAAAGGACACTTGCACAGC 
BpTGF-BR CAGGGCCAAGATCTGTGAAT 
BpIL-10 XM_020936977 BpIL-10F GTGGAGGGGTTCCCTCTAAG 
BpIL-10R GTGCGGAGGTAAAAGCTCAG 
KX492897 Bp18SF GGCCGTTCTTAGTTGGTGGA 
Bp18S rRNA 
Bp18SR CCCGGACATCTAAGGGCATC 
BpCSF-1R1 XM_020921963 BpCSF-1R1F GGCCCACGTGTAAGGAGAAT 
BpCSF-1R1R TACTCCTCCCTCTGCACCTC 
BpCSF-1R2 XM_020941064 BpCSF-1R2F GTCTTGAGGTTGGACTCGGG 
BpCSF-1R2R CTCACACCTGTCGGTGAGTC 





enhanced chemiluminescence (ECL) kit from Amersham (GE 
Healthcare, Pittsburgh, USA). To determine whether native 
BpIL-34 is N-glycosylated, denatured proteins of mudskipper 
MOs/M®s were treated with PNGase F (New England 
Biolabs, Beverly, USA) at 37 °C overnight and analyzed by 
Western blotting. 


Primary culture of mudskipper kidney-derived MOs/M®s 
Mudskipper kidney-derived MOs/M®s were isolated and 
cultured as described previously (Ding et al., 2019). Briefly, 
fish kidney leukocyte-enriched fractions were obtained using 
Ficoll-Hypaque PREMIUM (1.077 g/mL; GE Healthcare, USA). 
After washing twice with RPMI1640, the MOs/M®s_ were 
cultured in 35 mm dishes at a concentration of 2x10’ cells/mL. 
Cells (2 mL) were then incubated for at least 12 h at 24 °C 
with 5% COs. Non-adherent cells were washed off, and 
adherent cells were incubated in complete medium (RPMI 
1640, 5% mudskipper serum, 5% fetal bovine serum (FBS), 
100 U/mL penicillin, 100 ug/mL streptomycin) at 24 °C with 
5% COs. The purity of the isolated mudskipper MOs/M®s was 
greater than 95%, as measured by Wright-Giemsa staining. 


RNA interference (RNAi) 

Target gene siRNAs, BoCSF-1R1 siRNA (BpCSF-1Risi, 5'- 
GCCAACGCCUCAAUCACAUTT-3') and BoCSF-1R2 siRNA 
(BpCSF-1R2si, 5'--GCAGCAAUGAGAAUCACUUTT-3'), as 
well as mismatched control siRNA (MsiRNA, 5'-UUCUCCG 
AACGUGUCACGUTT-3’), were designed and synthesized by 
Invitrogen. The transfection of cells with siRNA was performed 
using Lipofectamine RNAiMAX (Invitrogen) according to the 
manufacturers protocols. Briefly, 5 uL of lipofectamine 
RNAiMAX in 250 uL of Opti-MEM (Invitrogen) was mixed with 
100 pmoL siRNA in 250 uL of Opti-MEM. The mixture was 
then incubated for 20 min at room temperature before adding 


it to MOs/M®s at a final siRNA concentration of 40 nmol/L. 
Media were changed to complete media after 5.5-h incubation, 
and cells were cultured for another 48 h before collection for 
expression analysis. qRT-PCR confirmed the knockdown of 
BpCSF-1R1 and BopCSF-1R2 mRNA. The primers used are 
listed in Table 2. 


Phagocytosis assay 

Mudskipper MO/M® phagocytosis assays using E. tarda were 
performed as described previously (Chen et al., 2016a). 
Briefly, E. tarda were collected in the logarithmic growth 
phase, labeled with fluorescein isothiocyanate (FITC) (Sigma, 
Saint Louis, USA), and designated FITC-E. tarda. The 
MOs/MQs were cultured in 6-well plates at a concentration of 
2x10 cells/mL and each well contained a 2-mL cell 
suspension. The MOs/M®s were treated with 10.0 g/mL 
rBpIL-34 or the same volume of PBS for 12 h. The heat-killed 
FITC-E. tarda were then added at a multiplicity of infection 
(MOI) of 10 and incubated for another 30 min. After washing 
extensively with sterile PBS to remove extracellular particles 
from the cells, Trypan Blue (0.4%) was used to quench 
fluorescence outside the cell. The engulfed bacteria were 
examined by flow cytometry using a Gallios Flow Cytometer 
(Beckman Coulter, Miami, USA). The relative mean 
fluorescence intensity (MFI) of bacteria engulfed by the cells 
was analyzed using FlowJo software. The MFIs of the PBS- 
and rBpIL-34-treated groups were expressed as fold-change 
relative to that without bacteria, and the MFI of the PBS- 
treated group was assigned a value of 100. Another set of 
assays were conducted with the addition of the siRNA 
reagents. After transfection with BoCSF-1R1si, BoCSF-1R2si, 
or MsiRNA for 48 h, MOs/MQs were treated with 10.0 pg/mL 
rBpIL-34 for 12 h. The remaining steps were performed as 
described above. The MFls of the rBplL-34- and siRNA- 
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treated groups were expressed as fold-change relative to that 
without bacteria, and the MFI of the rBpIL-34-treated group 
was assigned a value of 100. 


Bacterial killing assay 

A bacterial killing assay was performed as described 
previously (Chen et al., 2018). Briefly, 4x10° MOs/Ms were 
treated with 10.0 ug/mL rBpIL-34 or the same volume of PBS 
for 12 h. Live FITC-E. tarda were added at a MOI of 10 and 
incubated for another 30 min. Bacterial uptake by MOs/M®s 
was allowed to occur for 30 min at 24 °C in an atmosphere 
with 5% CO». Non-internalized E. tarda were removed by 
extensive washing with sterile PBS. One set of samples 
(uptake group) was collected for RNA extraction, whereas the 
other set of samples (kill group) was further incubated for 1.5 
h to facilitate bacterial killing before cell lysis. Cells were 
subjected to classic RNA isolation and subsequent qRT-PCR 
assays for E. tarda using the primers gyrBF and gyrBR (Guan 
et al., 2017). The Ct values, based on standard curves 
generated previously, were used to calculate the total 
CFUs/mL in all samples. Bacterial survival was determined by 
dividing the number of CFUs in the kill group by that in the 
uptake group. Four independent experiments were carried out. 
In addition, another set of assays were conducted with the 
addition of siRNA reagents. After transfection with BpCSF- 
1Risi, BpCSF-1R2si, or MsiRNA for 48 h, MOs/M®s were 
treated with 10.0 ug/mL rBpIL-34 for 12 h. The remaining 
steps were performed as described above. 


Cytokine mRNA expression analysis in MOs/M®s 

After transfection with BpCSF-1R1isi, BpCSF-1R2si, and 
MsiRNA, MOs/M®s were treated with 10.0 g/mL rBpIL-34 for 
12 h; MOs/M@s without any treatment were used as a blank 
control. (RT-PCR was carried out as described in Section 2.4 
with target gene-specific primers (Table 2). The mRNA 
expression levels of BoTNF-a, BpIL-1ß, BpIL-6, Bo TGF-B, and 
BpIL-10 were normalized to those of Bo18S rRNA. Four 
independent experiments were performed. 


Statistical analysis 

All data are described as means+standard error of the mean 
(SEM). Data were analyzed by one-way analysis of variance 
(ANOVA) or Student’s t-test using SPSS v13.0 (SPSS Inc, 
Chicago, IL, USA). A P-value of 0.05 was considered 
statistically significant. 


RESULTS 


Sequence identification of BpIL-34 

The cDNA sequence of Bp/L-34 was obtained from the 
DDBJ/EMBL/GenBank databases under accession No. 
XM_020935293. The sequence was 1 169 nucleotides (nt) in 
length and possessed an open reading frame (ORF) of 642 nt, 
which was predicted to encode a 213-amino acid (aa) 
polypeptide with a calculated MW of 25.0 kDa and an 
isoelectric point (pl) of 8.57. Sequence analyses revealed that 
BpIL-34 possessed a 24-aa N-terminal signal peptide, and the 
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mature peptide was comprised of 189 aa, with a calculated 
MW of 22.4 kDa. Multiple alignment showed that BpIL-34 
contained five highly conserved cysteine residues (Cys32, 
Cys177, Cys182, Cys187, and Cys197), four of which formed 
two disulfide bonds (Cys32-Cys187 and Cys182-Cys197) 
(Figure 1). Two potential N-glycosylation sites (Asn39 and 
Asn71) were found in BpIL-34 (Figure 1). BpIL-34 was also 
found to contain a conserved motif with multiple cationic 
amino acid residues (RKx [R/K] K) at aa position 203-207, 
similar to that in other fish homologs (Liu et al., 2012) 
(Figure 1). 

Sequence comparisons showed that BpIL-34 shared the 
highest aa identity (78.4%) with the orange-spotted grouper 
IL-34. A phylogenetic tree was constructed based on the 
complete aa sequences of IL-34, with the CSF-1 sequences 
serving as an outgroup (Figure 2). Results showed that fish IL- 
34 grouped together to form a cluster distinct from the 
mammalian IL-34 cluster (Figure 2). The fish and mammalian 
IL-34 clusters formed a clade that was well separated from the 
CSF-1 clade (Figure 2). 


Tissue BpIL-34 mRNA expression in response to E. tarda 
infection 

The relative mRNA expression of Bp/L-34 in selected tissues 
was detected by qRT-PCR. In healthy fish, Bo/L-34 transcripts 
were detected in all tested tissues, with the highest level 
observed in the brain, followed by the gill and intestine (Figure 
3A). Upon E. tarda infection, Bp/lL-34 mRNA expression 
rapidly increased in the four selected tissues (brain, liver, 
spleen, and kidney) compared to that in the control group, and 
the highest level of up-regulation (45.7-fold) was found in the 
kidney at 12 hpi (Figure 3B—E). 


Prokaryotic expression and purification of rBpIL-34 and 
antibody preparation 

After induction by IPTG, recombinant rBpIL-34 was 
overexpressed in E. coli BL21 (DE3). The size of rBpIL-34 
obtained based on SDS-PAGE analysis was ~26 kDa, similar 
to the calculated value (22.4 kDa for the mBpIL-34 plus 3.83 
kDa for 6xHis-tag; Figure 4A). rBpIL-34 was purified by affinity 
chromatography using an Ni-NTA column, with purity not less 
than 96% (data not shown). Purified rBpIL-34 was then used 
to immunize mice, and anti-rBPIL-34 IgG was purified from 
antisera. As determined by Western blot analysis, the MW of 
native BpIL-34 in mudskipper MOs/M®s was approximately 
32 kDa, which was converted to a 25-kDa band after PNGase 
F digestion (Figure 4B). 


Effect of rBpIL-34 on phagocytotic and bacterial killing 
activity of MOs/M®s 

MOs/M@s play a pivotal role in immune responses in fish 
against invasion by pathogens, and phagocytosis and 
intracellular bacterial killing are the main biological functions of 
MOs/M®s (Lu & Chen, 2019). Consequently, we investigated 
the effects of rBpIL-34 on the functions of mudskipper 
MOs/M@s. Phagocytosis of FITC-E. tarda by rBpIL-34-treated 
MOs/M®Qs was significantly higher (up to 3.18-fold) than that in 

























signal peptide 4 mature peptide v 
BpIL-34 QMJHLS-SA F LMVIJ - MLIJA P S------- SL N 41 
DriL-34 [NYSE --c ICLLEJ-MICSSAAB- ------- DL Q 39 
OmiL-34 [IMIRST--A ICVLEALIWAL[JTPRT-------- AQ ENK 40 
SalL-34 LSVSV FLL AB -MaLa oka - ------ SM N 42 
TriL-34 LVTSV F LLG -T - - AQS asS ------- SM N 40 
SsIL-34 PT--S mwv ia -MLT PETL------- AQI ETK 40 
IpIL-34 FE--T MWA Lig - SFPSPSPISKNSPL KHa 47 
CcIL-34 SE--C ICLLEA-WMciisach- ------- DL RP}K 39 
OIIL-34 KSTSV F LMAE-WALIWT SERBIA - - - - - - :- SM NPE 42 
EcIL-34 LSNSV FLLSBQ-MILDJAPEERA----- - - SM NDJ 42 
* 
Lo 
BpIL-34 [Sy - INY@IRVHYEEMFK Awmi- - - vNfaicfJpeELT 86 
DriL-34 [NAT baa OMRD ASR SSL VNTSNEEPPVLPRD 89 
OmiL-34 {Ñi G- INY RVHYEEVFK 9K LJ- - - ARME DGD 85 
SalL-34 [MSH - IMYTIRV ROEVEK SaLi- - -LQNASGISDELV 87 
TriL-34 MSH - TRASES Yi-aagR BM- - -PQ -- -VLL 82 
SsiL-34 [TD - INYTIRVHYEEFK SLG- --VRMADDPPEEGD 85 
IpiL-34 [GNSS INY HN YEEVFR ReMK - - - NDSH- -1EKH 92 
CciL-34 {BN vT INY VHYEEVF GRIL N -MS NEEIdPINQQRD 88 
oliL-34 [su - INY Tay RIAA A S mm: : ite efoot 87 
EclL-34 [SH - INY aR aa NGIMiQ- - - LQEDGERDEL! 87 
BpIL-34 ERH -R WAT RLRD AG LAH 135 
DrlL-34 ERH RK MAN LIK k FESTNAMKEGNH 139 
OmIL-34 MRH -K aD LIRKVQQ - - - -E 130 
SalL-34 ERH -T 3R Rigk D Afac QSsHi 136 
TriL-34 ERH -S M3R RigQ D AEG QSHig 131 
SsIL-34 vidi -K im3DLIZRK | QQ - - - -L 130 
IpIL-34 ERH HK MaslLLKAFQTI KT-- 140 
CcIL-34 ERH SK W3 LIRR FGEPYNEKNG 138 
OIIL-34 ERH -S W3R Rigk D vidc s Hig 136 
EcIL-34 ERH -P aS RR D AEIGNAMAYQ SHE 136 
BpIL-34 AEVFQ-Q| EPEKVS.- - Sy a TAL Take] 182 
DriL-34 EDQENVR Q----DYKGIK SITE | Tbiic UASILI 185 
OmIL-34 PQTDE-R ---- 1 DSKGIRIFMT Rec EKA 175 
SalL-34 AEVFQ-Q EADRVSES RUAY MSs LESARI] F EA 185 
TriL-34 VEVFQ-Q DPERVPESRIWAY A SEA GAT EDEN L LLK 180 
SsiL-34 PQSDE-R - - - - P NSK GULIF MT LACANI] C UGK 175 
IpIL-34 -DES - - - E----KYEARK SMR enc GEA 182 
CcIL-34 RDEE--R Q----YYEGMK SMITE eS eic Teme 182 
OIL-34 AEVFQ-Q EPDRVPETD LASGA SANV DIL uiy 185 
EclL-34 AEVFQ -Q EPDRVPES sihi Ms basen ee F WEK 185 
* 
BpiL-34 Wasaga - TEA - QHPRZADRSHYGWAAKMANVNTKS-------------- 
DriL-34 (MaK KEDD -NYPRAZHEVYNRESMEDSMTT------------------ 
OmiL-34 {Mak Dis S EDR - ERPPRAZAGLPHMDaecadR -LQ---------------- 
Sall-34 (Masia s 1 EA- QPPRAZARVS YlaachedKDLQPES------------- 
TriL-34 MmaRiaeaPSTEL - Qfeeaas FS OMe ecnaqkK PDQQEGDVVLDDCGEESDS 226 
SsiL-34 [GK NIP SEDG - ERD RAas SL Hie aensagRQLQAT 207 
ipiL-34 {Mak DIL RN Ss s - QDPRAZHD TQ 211 
CciL-34 (Makis K EDD TDN YPRZaK VL 211 
OIIL-34 HASLA -TET - RiebeaaaGvs 222 
EciL-34 [RGSERAGTEA - PRP Vs 218 





| 





Figure 1 Multiple alignment of amino acid sequences of BpIL-34 and related fish IL-34 sequences 


Threshold for shading was >60%; similar residues are marked with a gray shadow, identical residues with a black shadow, and alignment gaps with 


“." BpIL-34: Mudskipper IL-34; DrIL-34: Zebrafish IL-34; OmIL-34: Rainbow 


trout IL-34; SalL-34: Gilthead seabream IL-34; TriL-34: Tiger puffer IL- 


34; SsIL-34: Atlantic salmon IL-34; IpIL-34: Channel catfish IL-34; CcIL-34: Common carp IL-34; OIIL-34: Japanese rice fish IL-34; EcIL-34: Orange- 
spotted grouper IL-34. Predicted cleavage site for signal peptide is marked as “|”. Five conserved cysteine residues are marked as “*”. Two 
cysteine residues joined by solid line represent disulfide bond. Possible N-linked glycosylation sites of BpIL-34 are indicated by “W”. RKx [R/K] K 
motif is double underlined. GenBank accession Nos. of sequences used are presented in Table 1. 


the PBS-treated group (Figure 5A). In addition, qRT-PCR 
measurement of intracellular E. tarda CFUs in mudskipper 
MOs/M®s showed that the bacterial survival rate in the rBpIL- 
34-treated group (36.12%+1.54%) was much lower than that 
in the PBS-treated group (75.36%+3.97%; Figure 5B). 


Effect of rBpIL-34 on cytokine mRNA expression in 
MOs/M®s 

We also investigated the effects of rBpIL-34 on mRNA 
expression of typical inflammatory cytokines (pro-inflammatory 
cytokines: BoTNF-a, Bp/L-18, and Bp/L-6; anti-inflammatory 
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Figure 2 Phylogenetic tree analysis of complete amino acid sequences of IL-34 and CSF-1 using neighbor-joining method 
CSF-1 sequences as an outgroup. Percentage of bootstrap values is shown next to branches based on 1 000 bootstrap replications (shown only 
when >60%). Scale bar represents number of substitutions per base position. Site of mudskipper IL-34 is indicated by “A”. GenBank accession 


Nos. of sequences used are listed in Table 1. 


cytokines: BoTGF-B6 and Bp/L-10) in mudskipper MOs/M®s. 
qRT-PCR showed that the mRNA expression levels of 
BpTNF-a, BpIL-1ß6, and BpIL-6 were up-regulated 7.36-, 3.01-, 
and 1.42-fold, respectively, in MOs/MQs treated with rBpIL-34 
compared to those in the control group (Figure 6). No 
significant change was found in the mRNA expression of 
BpTGF-B between the rBplL-34-treated and control groups; 
however, BpIL-10 mRNA expression was down-regulated 
0.67-fold in the rBpIL-34-treated group compared to that in the 
control group (Figure 6). 


Effect of BpCSF-1R1 and BpCSF-1R2 knockdown on 
rBpIL-34-enhanced phagocytotic and bacterial killing 
activity of MOs/M®s 

As CSF-1R is reportedly the receptor of IL-34 in mammals 
(Ségaliny et al., 2015; Wang et al., 2012) and mudskippers 
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have two CSF-7R genes, we further determined whether 
BpCSF-1R1 or BpCSF-1R2 knockdown would influence the 
rBpIL-34-enhanced phagocytotic and bacterial killing activity of 
mudskipper MOs/MQs. Firstly, we used RNAi to knock down 
the expression of BoCSF-1R1 and BpCSF-1R2 in MOs/M@s. 
When MOs/M®s were transfected with BpCSF-1R1si, the 
mRNA expression of BoCSF-1R1 decreased to 29.17%+ 
6.31% of control levels at 48h, whereas BpCSF-1R2 
expression showed no significant change (Figure 7B, C). 
Similarly, when MOs/M®%s were transfected with BpCSF- 
1R2si, the mRNA expression of BoCSF-1R2 decreased to 
21.66%+1.11% of control levels at 48 h, whereas BoCSF-1R1 
expression showed no significant change (Figure 7B, C). 
These results suggest that the target genes BoCSF-1R7 and 
BpCSF-1R2 were effectively and specifically knocked down. 
The transfection of MsiRNA had no obvious effect on either 
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Figure 3 qRT-PCR analysis of BpIL-34 mRNA expression in tissues of healthy (A) and Edwardsiella tarda-infected mudskippers (B-E) 
A: BpIL-34 mRNA expression relative to that of Bp18S rRNA was calculated using 24°" method. Values denoted by different letters are significantly 
different when compared by ANOVA (P<0.05); n=4. B-E: Bp/L-34 mRNA expression relative to that of Bp18S rRNA was calculated using 2-44¢T 
method. Tissues were collected at 4, 8, 12, and 24 h after bacterial infection. Data are expressed as meanst+SEM; n=4, *: P<0.05. 


BpCSF-1R1 or BoCSF-1R2 expression (Figure 7B, C). 

We then used BpCSF-1R1si and BpCSF-1R2si to explore 
whether BpCSF-1R1 and BpCSF-1R2 mediated the 
enhancing effect of rBPIL-34 on the phagocytotic and bacterial 
killing activity of MOs/M@s. After BpCSF-1R1si transfection, 
MOs/MỌs treated with rBpIL-34 showed a significant 
decrease in phagocytosis of E. tarda (0.16-fold) compared to 
that in the control group (normal MO/MQs treated with rBpIL- 
34), whereas MsiRNA or BpCSF-1R2si transfection resulted in 
no obvious changes (Figure 8A). On the other hand, the 
bacterial survival rate in BoCSF-1R1-knockdown MOs/M®s 
after rBPIL-34 treatment was significantly increased (2.15-fold) 
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compared to that in the control group (normal MO/M® treated 
with rBpIL-34), with MsiRNA or BpCSF-1R2si transfection 
resulting in no obvious changes (Figure 8B). 


Effect of BpCSF-1R1 and BpCSF-1R2 knockdown on 
rBpIL-34-altered cytokine mRNA expression in MOs/M®s 
qRT-PCR analysis showed that BoCSF-1R1 knockdown 
decreased the mRNA expression of BoTNF-a, Bp/L-18, and 
BpiIL-6 in mudskipper MOs/M@®s treated with rBpIL-34 by 
approximately 0.31-, 0.36-, and 0.49-fold, respectively, 
compared to levels in the MsiRNA-treated control group 
(Figure 9), whereas BoTGF-B and BpIL-10 mRNA expression 
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Figure 4 Prokaryotic expression and Western blot analysis of 
BpIL-34 

A: SDS-PAGE analysis of prokaryotically expressed rBpIL-34. Lane M: 
Protein marker; 1, 2: Crude protein extracts from BL21 (DE3) 
transformed with pET-28a-BpIL-34 plasmid before and after IPTG 
induction, respectively; 3: Purified rBpIL-34. B: Western blot analysis 
of BpIL-34 using anti-rBpIL-34 IgG. NC: Negative control; 4: Purified 
rBpIL-34; 5: Proteins extracted from mudskipper MOs/MQs; 6: Proteins 
extracted from mudskipper MOs/M®s with PNGase F digestion. 


was not obviously changed (Figure 9). BoCSF-1R2 
knockdown had no noticeable effect on the mRNA levels of all 
selected cytokines in MOs/M®s compared to those in the 
control group (Figure 9). 


DISCUSSION 


IL-34 is a recently discovered cytokine identified as the 
second ligand of CSF-1R (Lin et al., 2008). Over the past 
decade, accumulating evidence has shown that IL-34 exerts 
potent immunomodulatory effects in many physiological and 
pathological states. However, studies on the function of IL-34 
in teleosts are limited. In this study, we identified an /L-34 
homolog sequence from mudskippers. Sequence analysis 
revealed that BpIL-34 had structural similarities to other fish 
IL-34 homologs. Phylogenetic tree analysis showed that BpIL- 
34 belonged to the IL-34 clade and was most closely related 
to an orange-spotted grouper homolog. It has been reported 
that the C-terminal region of IL-34 is heavily glycosylated via 
O-linked glycans in humans (Felix et al., 2013), but this region 
is not found in fish IL-34 homologs (Xue et al., 2019). In 
contrast, two to six potential N-glycosylation sites are present 
in each fish IL-34 homolog (Wang et al., 2013). Our results 
showed that the native BpIL-34 in cells was N-glycosylated. 
Glycosylation plays an important role in functions such as 
intracellular transport, ligand binding, structural stability, and 
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signal transduction (Huang et al., 2015). Recent study has 
shown that this post-translational glycosylation does not 
appear to influence the functions of recombinant grass carp 
IL-34 as the effects of both bacteria-derived rCilL-34 and 
HEK293T cell-derived rCilL-34 on fish MOs/MQs are similar 
(Xue et al., 2019). Signatures of positive selection are also 
found in mammalian IL-34 (Neves et al., 2014), which might 
be explained by the multitude of biological processes involving 
IL-34. 

Gene expression patterns commonly reflect functions. IL-34 
expression is mainly detected in the skin and central nervous 
system in mice (Wang et al., 2012). In fish, like rainbow trout, 
large yellow croaker, and grass carp, /L-34 is constitutively 
expressed in various tissues, with highest expression found in 
the spleen (Wang et al., 2013, 2018; Xue et al., 2019), or the 
brain in the case of orange-spotted grouper (Mo et al., 2015). 
IL-34 expression is tightly associated with pathogen 
stimulation. Most studies have shown that pathogen infection 
increases /L-34 transcript levels in tissues, especially at the 
infected sites (Mo et al., 2015; Wang et al., 2013, 2018; Wu et 
al., 2019; Xue et al., 2019). However, a significant decrease in 
the expression of IL-34 in hepatitis B virus (HBV) patients has 
also been identified (Cheng et al., 2017). Changes in IL-34 
expression, either increase or decrease, are involved in 
disease pathogenesis, and are correlated with progression, 
severity, and chronicity (Baghdadi et al., 2018). In this study, 
we determined that Bp/L-34 transcripts were constitutively 
expressed in all tested tissues, with the highest level found in 
the brain. This result is in accordance with that reported in the 
orange-spotted grouper (Mo et al., 2015) and in mammals 
(Wang et al., 2012). IL-34 is a tissue-restricted ligand of CSF- 
1R and is required for the development of Langerhans cells 
and microglia in mammals (Wang et al., 2012); moreover, it 
can protect blood-brain barrier integrity by restoring 
expression levels of tight junction proteins (Jin et al., 2014). 
Fish IL-34 may also exhibit such functions. Upon E. tarda 
infection, the Bp/L-34 mRNA level was significantly up- 
regulated in the liver, spleen, kidney, and brain, in accordance 
with that reported in fish previously (Mo et al., 2015; Wang et 
al., 2013; Wu et al., 2019; Xue et al., 2019), suggesting that 
BpIL-34 may be involved in mudskipper immune responses 
against E. tarda. 

MO/M® plays key roles in the fish protection system, and 
phagocytosis, the killing of invading bacteria, and production 
of cytokines are their main effector functions (Lu & Chen, 
2019; Zou & Secombes, 2016). IL-34 was first identified as a 
potent activator of MO and MỌ via CSF-1R based on 
functional screening of the extracellular proteome (Lin et al., 
2008). In the African clawed frog (Xenopus laevis), 
recombinant IL-34-derived MỌs not only display higher 
bactericidal activity than control cells but also exhibit potent 
antiviral activity against FV3 ranavirus, which is dependent on 
reactive oxygen production (Grayfer & Robert, 2014, 2015). 
Intriguingly, recombinant CSF-1-treated rather than 
recombinant IL-34-treated M®s are more phagocytic for both 
tadpoles and adult frogs (Grayfer & Robert, 2014, 2015). IL-34 
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Figure 5 Effects of rBpIL-34 on phagocytosis and bacterial killing of Edwardsiella tarda by mudskipper MO/M®s 
A: Effect of rBpIL-34 on phagocytosis of E. tarda by MOs/M®s. Mudskipper MOs/MQs were pre-treated with PBS or rBpIL-34 before adding FITC- 
E. tarda (MOI=10). After an additional 30 min incubation, phagocytosis of FITC-E. tarda was determined by flow cytometry. MFI is presented as 
fold-change over the value for PBS-treated group, which was assigned a unit of 100. B: Effect of rBpIL-34 on bacterial killing of E. tarda by 
MOs/M®s. MOs/MQs were infected with live E. tarda after treatment with PBS or rBpIL-34, and viability of E. tarda (MOI=10) was determined by 


qRT-PCR. Killing of E. tarda by mudskipper MOs/M®s was measured using CFU assay based on a standard curve. Data are expressed as 
meanst+SEM; n=4, *: P<0.05. 
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Figure 6 Effects of rBpIL-34 on mRNA expression of BpTNF-a (A), BpIL-1ß (B), BpiL-6 (C), Bo TGF-6 (D), and BpIL-10 (E) in mudskipper 
MOs/M®s 


MOs/M®s were treated with rBpIL-34 for 12 h. PBS-treated group was used as the control. mRNA expression levels of selected cytokines were 
normalized to those of Bp18S rRNA. Data are expressed as means+SEM; n=4, *: P<0.05. 
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Figure 7 RNAi-mediated gene knockdown of BpCSF-1R1 and BpCSF-1R2 in mudskipper MOs/M®s 
A: qRT-PCR analysis of mRNA expression of BoCSF-1R1 and BpCSF-1R2 in primary MOs/M®s. B: qRT-PCR analysis of BoCSF-1R7 transcripts 
in BpCSF-1R1si- or BoCSF-1R2si-transfected MOs/M®s. C: qRT-PCR analysis of BoCSF-1R2 transcripts in BpCSF-1R1si- or BoCSF-1R2si- 


transfected MOs/M®s. MsiRNA-transfected MOs/M®s group was used as the control. mRNA levels of BoCSF-1R1 and BoCSF-1R2 were 
normalized to those of Bp78S rRNA. Data are expressed as means+SEM; n=4, *: P<0.05. 
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Figure 8 Effects of BoCSF-1R1 and BpCSF-1R2 knockdown on rBpIL-34-enhanced phagocytosis and bacterial killing of Edwardsiella 
tarda by mudskipper MOs/M®s 

A: Effect of BoCSF-1R1 or BoCSF-1R2 knockdown on rBpIL-34-enhanced phagocytosis of E. tarda by mudskipper MOs/MQs. After transfection 
with BpCSF-1R1si, BpCSF-1R2si, or MsiRNA (control) for 48 h, mudskipper MOs/M@s were treated with rBpIL-34 for 12 h. Normal MOs/M@s 
treated with rBpIL-34 (rBpIL-34 group) were used as controls. Thereafter, FITC-E. tarda were added at a MOI of 10 and incubated for an additional 
30 min. Phagocytosis of FITC-E. tarda was determined by flow cytometry. Mean fluorescence intensity (MFI) is presented as a fold-change over 
value for rBpIL-34 group, which was assigned a value of 100. B: Effect of BoCSF-1R1 and BoCSF-1R2 knockdown on rBpIL-34-enhanced bacterial 
killing of E. tarda by mudskipper MOs/MQs. After transfection with BpCSF-1R1si, BoCSF-1R2si, or MsiRNA for 48 h, mudskipper MOs/M@®s were 
treated with rBpIL-34 for 12 h. Normal MOs/MQs treated with rBpIL-34 (rBpIL-34 group) were used as controls. Live E. tarda were added at a MOI 


of 10 and incubated for an additional 30 min. Killing of E. tarda by mudskipper MOs/M®%s was measured using a CFU assay based on standard 
curve. Data are expressed as means+SEM; n=4, *: P<0.05. 
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Figure 9 Effects of BoCSF-1R1 and BpCSF-1R2 knockdown on rBpIL-34-altered mRNA expression of selected cytokines in MOs/M®s 
Mudskipper MOs/MQs were pre-treated with BpCSF-1R1si, BpCSF-1R2si, or MsiRNA (control) and further incubated with rBpIL-34 for 12 h. 
MsiRNA-treated group was used as the control. MRNA levels of BoTNF-a (A), BpIL-18 (B), BpIL-6 (C), BoTGF-B (D), and BpIL-10 (E) were 
normalized to those of Bp18S rRNA. Data are expressed as means+SEM; n=4, *: P<0.05. 


also activates microglia (tissue-resident MỌs of the central phagocytic and bactericidal activities compared to those of the 
nervous system) to rescue neurons by enhancing the PBS-treated control group, suggesting that rBpIL-34 could 
phagocytosis of toxicants or damaged debris (Suzumura, activate these cells and possibly drive their differentiation. 
2013; Wang & Colonna, 2014). In this study, we showed that Cytokines are signaling proteins that regulate a wide range of 
rBpIL-34-derived mudskipper MOs/M@s displayed increased biological functions, and macrophages are a major source of 
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many cytokines. Studies have shown that IL-34 can alter 
cytokine expression in vertebrate species. For example, IL-34 
treatment can induce the up-regulation of IL-6, CXCL10, IL-8, 
and CCL2 in human whole blood (Eda et al., 2010) and 
increased TNF-a expression in lamina propria mononuclear 
cells (Franzé et al., 2015). Furthermore, the addition of IL-34 
to primary lung fibroblasts can significantly promote IL-6 and 
IL-8 expression in a dose- and time-dependent manner (Zhou 
et al., 2018). Treatment with chicken IL-34 increases the 
expression of Th1 and Th17 cytokines in chicken cell lines 
(Truong et al., 2018). In grass carp, in vitro IL-34 treatment up- 
regulates the expression of IL-18, IL-6, and IL-8 but inhibits 
the expression of IL-10 and TGF-81 in M®s (Xue et al., 2019). 
Here, we determined that rBplL-34-derived MOs/M®s 
expressed higher levels of BoTNF-a, Bp/L-1B, and BpIL-6 and 
lower levels of BpIL-10 compared to that in the PBS-treated 
control group, coinciding well with previous reports (Eda et al., 
2010; Franzé et al., 2015; Truong et al., 2018; Xue et al., 
2019; Zhou et al., 2018). These results suggest that IL-34 
promotes the differentiation of mudskipper MO/MỌ into the 
pro-inflammatory phenotype. 

CSF-1R is critical for the proliferation, survival, and 
differentiation of M®s, as its knockdown results in the marked 
depletion of M®s in most tissues (Dai et al, 2002; Droin & 
Solary, 2010). In addition, CSF-1R_ signaling controls 
development of the M® lineage under steady conditions and 
during certain inflammatory reactions (Lenzo et al, 2012). 
CSF-1R is a major receptor of IL-34 in mammals (Baghdadi et 
al., 2018; Jeannin et al., 2018; Peyraud et al., 2017). For 
example, in human whole blood, the IL-34-enhanced mRNA 
expression levels of IL-6 and chemokines such as MCP-17 are 
inhibited by GW2580, a CSF-1R kinase inhibitor (Eda et al., 
2010). In this study, we determined that BoCSF-1R1, but not 
BpCSF-1R2, mediated the enhancing effects of rBpIL-34 on 
MO/M®_ phagocytosis, bactericidal activity, and pro- 
inflammatory cytokine mRNA expression. Interestingly, 
although rBpIL-34 inhibited the mRNA expression of the anti- 
inflammatory cytokine Bp/L-10 in MOs/M@®s, knockdown of 
BpCSF-1R1 and BpoCSF-1R2 had no significant effect on 
BpIL-10 mRNA expression in mudskipper MOs/M@s 
compared to that in the MsiRNA-treated control group, 
suggesting that the inhibitory effect of rBPIL-34 on Bp/L-10 
mRNA expression was independent of BpCSF-1R1 and 
BpCSF-1R2. To our knowledge, this is the first report to show 
that CSF-1R1 mediates the functions of IL-34 in fish 
MOs/M®s. 

In summary, we identified an IL-34 homolog from 
mudskippers. Bp/L-34 mRNA expression was up-regulated in 
mudskipper tissue upon E. tarda infection. In vitro, rBpIL-34 
treatment not only enhanced the phagocytotic and bactericidal 
activity of mudskipper MOs/M®s but also elevated the MRNA 
levels of pro-inflammatory cytokines. Results of RNAi 
suggested that BpCSF-1R1, but not BpCSF-1R2, mediated 
the effects of rBpIL-34. However, further investigations are 
needed to determine the underlying intracellular signaling 
pathways associated with IL-34. 
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ABSTRACT 


As the oldest venomous animals, centipedes use 
their venom as a weapon to attack prey and for 
protection. Centipede venom, which contains many 
bioactive and pharmacologically active compounds, 
has been used for centuries in Chinese medicine, as 
shown by ancient records. Based on comparative 
analysis, we revealed the diversity of and differences 
in centipede  toxin-like molecules between 
Scolopendra mojiangica, a substitute pharmaceutical 
material used in China, and S. subspinipes mutilans. 
More than 6 000 peptides isolated from the venom 
were identified by electrospray ionization-tandem 
mass spectrometry (ESI-MS/MS) and inferred from 
the transcriptome. As a result, in the proteome of S. 
mojiangica, 246 unique proteins were identified: one 
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in five were toxin-like proteins or putative toxins with 
unknown function, accounting for a lower percentage 
of total proteins than that in S. mutilans. 
Transcriptome mining identified approximately 10 
times more toxin-like proteins, which can 
characterize the precursor structures of mature toxin- 
like peptides. However, the constitution and quantity 
of the toxin transcripts in these two centipedes were 
similar. In toxicity assays, the crude venom showed 
strong insecticidal and hemolytic activity. These 
findings highlight the extensive diversity of toxin-like 
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proteins in S. mojiangica and provide a new 
foundation for the medical-pharmaceutical use of 
centipede toxin-like proteins. 


Keywords: Centipede; Toxins; Pharmaceutical 


use; Proteotranscriptomic analysis 


INTRODUCTION 


As one of the oldest and most important predatory arthropods, 
the centipede has a fossil record that extends back 420 million 
years (Undheim & King, 2011). Approximately 3 300-3 500 
centipede species have been found, with distribution 
worldwide and in most provinces of China (Rong et al., 2015). 
Centipede venom, which is secreted from venom glands in the 
first pair of limbs (Edgecombe & Giribet, 2007), is essential for 
survival, not only for subduing and killing prey but also for 
defense against predators. 

Animal venom has long been considered a rich source of 
pharmacological and novel therapeutics (Kalia et al., 2015; 
Smith et al., 2013; Zhang, 2015). Furthermore, dried 
centipedes have been used medicinally for centuries, as 
shown in ancient Chinese medical records. Recently, an 
increasing number of studies have shown that centipede 
venom contains various functional components, including a 
rich reservoir of structural and pharmacological peptides 
(Hakim et al., 2015; Undheim et al., 2015, 2016). In addition, 
because of their excellent chemical and pharmacological 
activities, particularly as neurotoxins and ion channel 
inhibitors, centipede toxins have received further attention (Liu 
et al., 2012; Yang et al., 2012, 2013, 2015). Several 
antimicrobial peptides and specific toxins have also been 
identified in centipede venom (Chen et al., 2014; Hou et al., 
2013; Peng et al., 2010; Yang et al., 2012). Interestingly, 
centipede toxins are expressed outside the venom gland and 
are involved in gene recruitment processes (Zhao et al., 
2018a). These venom peptides have significant chemical, 
thermal, and biological stability, which enable researchers to 
adapt their functions for therapeutic use. 

Therefore, centipede venom research is of great interest for 
investigating putative toxins. These toxins can act on a range 
of molecular targets, including voltage-gated sodium (Nav), 
potassium (Ky), and calcium (Cay) channels (Liu et al., 2012; 
Yang et al., 2012). However, biochemical studies on centipede 
toxins are not nearly as extensive as studies on other 
venomous animals, such as snakes, spiders, and scorpions 
(Undheim et al., 2016), and complete data on centipede 
venom toxins, peptides, and protein sequences are currently 
limited to a small number of species (Hakim et al., 2015; 
Undheim et al., 2016). One potential reason is that most 
centipede species are considered too small to obtain enough 
venom for activity testing or high-throughput drug screening. 
Omics analysis of venom or venom glands is one approach for 
probing toxin molecular diversity. Specifically, to identify new 
putative proteins and enable comparison across species, 
large-scale sequencing of a broad array of centipede venom 


should be applied to further confirm the complexity of venom 
(Gonzalez-Morales et al., 2014; Liu et al., 2012; Rong et al., 
2015). 

Previous centipede research has mainly focused on 
Scolopendra mutilans (Zhao et al., 2018a), and occasionally 
on S. subspinipes subspinipes, S. viridis, and S. dehaani (Liu 
et al., 2012). To date, however, no comprehensive research 
has been reported on the new pharmaceutical centipede, S. 
mojiangica (Wang et al., 1997), which is used as a substitute 
medicinal material in traditional Chinese medicine. Therefore, 
a fully integrated approach combining transcriptomics and 
proteomics is essential for understanding the differences 
among pharmaceutical centipedes, including venom 
composition and toxin diversity. Here, in-depth 
proteotranscriptomic analyses (combined proteomic and 
transcriptomic analyses) were used to study centipede venom, 
and the protein/peptide composition of the dissected venom 
gland from S. mojiangica was described. Complete 
comparative analyses of the protein compounds and toxin 
distribution in the venom or venom gland of S. mojiangica and 
S. mutilans were also presented based on RNA-Seq and MS 
datasets. 


MATERIALS AND METHODS 


Animals and ethics 

Adult S. mojiangica (both sexes) were collected from Mojiang 
(N23°27', E101°41'), Yunnan Province, China. All centipede 
(S. mojiangica) studies were reviewed and approved by the 
Animal Care and Use Committee of Puer University (ACUP. 
531068520180126, approved on 17 September 2018). 


Venom collection and sample preparation 

The venom of S. mojiangica was collected as per our previous 
method. Briefly, a 3 V alternating current (AC) was used to 
stimulate the venom glands in the first pair of centipede limbs 
(Liu et al., 2012). The venom samples were stored at -20 °C 
until use. A 300mg S. mojiangica venom sample was 
solubilized in 3 mL of Tris-HCI buffer. The venom solution was 
then loaded on a Sephacryl S-100HR (HiprepTM26/60, 71- 
1247-00-EG, GE Healthcare, USA) gel filtration column with a 
flow rate of 0.5 mL/h. Thirteen peaks (named P1-13) were 
obtained from this procedure (Supplementary Figure S1). 

The proteins/peptides contained in the venom were pre- 
denatured with 500 uL of 25 nmol/L NH,zHCO3 and separated 
with a 3 kDa cut-off ultrafiltration tube. The low molecular 
weight (<3kDa) proteins/peptides were collected and 
desalinated before peptidomic analysis. Proteins/peptides with 
molecular weights greater than 3 kDa were applied to SDS- 
PAGE gels for separation. One half of each sample was mixed 
with extraction buffer (0.25% acetic acid and protease inhibitor 
cocktail) and disrupted with a sonicator (Hielscher Ultrasound 
Technology, Germany). To further separate these samples, 
12% gel with protein ladder (Thermo, ref. 26614, USA) SDS- 
PAGE was used, followed by staining with GelCode Blue Stain 
(Thermo ref. 24592, USA) and destaining with Milli-Q water 
(Millipore, USA). We excised six bands from each lane for in- 
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gel trypsin digestion. Samples were extracted with 100% 
acetonitrile, desalinated, lyophilized, and stored at -80 °C until 
further electrospray ionization-tandem mass spectrometry 
(ESI-MS/MS) analysis. 


RNA extraction, sequencing, and transcriptome analysis 
A total of 260 mg of venom gland was preserved in liquid 
nitrogen after collection from S. mojiangica until use. RNA 
extraction and cDNA library construction were performed 
according to our previous work (Zhao et al., 2014a, 2014b). 
cDNA from the S. mojiangica venom gland was sequenced 
using the Illumina HiSeq™ 2000 (USA), and the short-read 
assembly program SOAPdenovo-Trans (v1.03) was run with 
default parameters to complete de novo transcriptome 
assembly. Overlaps with certain lengths and connected 
paired-end reads were combined in the program to form 
contigs. The sequence clustering software TGICL was used to 
splice sequences and remove redundant sequences to 
produce the complete assembly of contigs of each sample 
(Pertea et al., 2003), and the longest possible non-redundant 
unigenes were produced. The TGICL parameters were the 
same as the parameters used in our previous work (Zhao et 
al., 2014b). 


HPLC fractionation and mass spectrometry 

After in-gel digestion, candidate fractionation samples were 
loaded onto an EASY-nLC HPLC system (Thermo Fisher 
Scientific, USA) equipped with a binary rapid separation nano- 
flow pump and ternary loading pump. Mobile phase eluent A 
(0.1% TFA contained in ddH,O) and mobile phase eluent B 
(ACN/ddH,O/TFA 90/10/0.08% (v/v/v)) were used. Samples 
were applied to a Thermo Scientific EASY loading column (2 
cmx100 um, 5 um -C18, USA) by the auto-sampler and 
analytical column (75 umx100 mm, 3 um -C18), respectively, 
with a flow rate of 250 nL/min. With linear stepwise gradients 
(0'-5% B, 5'-5% B, 12.5'-20% B, 62.5'-70% B, 63.5'-99% B, 
65'-99% B, 66'-5% B and 72'-5% B), we separated the 
peptides with the column. Starting at 20% eluent B, 1.25 mL/5 
min of each fraction was collected and lyophilized. 

We selected the data-dependent mode of the Q Exactive 
instrument (Thermo Finnigan, USA), which then switched 
between full scan MS and MS/MS acquisition automatically. 
Based on the predictive automatic gain control (AGC) of the 
previous full scan, we accumulated 310° target value ions 
and acquired 70 000 (m/z 200) resolution of full scan MS 
spectra (m/z 300-1 800) in the Orbitrap. In addition, 15 s was 
set as the dynamic exclusion value. We isolated and 
fragmented the 10 most intense multiply charged ions (z22) 
sequentially by higher-energy collisional dissociation (HCD) 
with a fixed resolution of 17 500 (m/z 200) and an injection 
time of 60 ms for the MS2 scanning method. The mass 
spectrometric conditions were as follows: 2 kV spray voltage, 
no sheath and auxiliary gas flow, 250 °C heated capillary 
temperature, 27 eV normalized HCD collision energy, and 
0.1% underfill ratio. A total of 1x10° counts was set as the ion 
selection threshold for MS/MS. 


140 www.zoores.ac.cn 


Data processing and bioinformatics analysis 

Using Proteome Discoverer (version 1.4), RAW data files were 
produced. Mascot v2.2 was used as the search tool to 
generate peak lists in our transcriptome database. Trypsin 
was chosen as an enzyme, and two missed cleavages were 
allowed. The MS/MS search criteria were as follows: MS 
polypeptide tolerance 2x10* mg/m? and MS/MS mode 0.1 Da. 
The aminomethylation of cysteine was statically modified and 
the oxidation of methionine was dynamically modified. High 
confidence peptides were used for protein identification, 
generating a 1% false discovery rate (FDR) threshold. Only 
unique peptides with high confidence were used for protein 
identification. 

All unigenes in our centipede database were annotated with 
BLASTX and searched against known databases, as 
presented in our previous study (Zhao et al., 2014a, 2014b, 
2018a). Unigenes were aligned with high-priority databases 
and annotated with a given description instead of aligning with 
a low-priority database. Gene Ontology (GO) annotation was 
carried out using the Blast2GO (Conesa et al., 2005) software 
suite v2.5.0. In these searches, the BLASTX cut-off was set to 
1e°. The BLAST tool was used to search the toxin database 
and annotate the toxin with Tox-Prot in UniProtKB (02 
February 2019, 6 822 sequences) and the animal toxin 
database platform ATDB (He et al., 2008), with the toxins then 
verified by phylogenetic analyses. The grouped sequences 
were aligned using MUSCLE v3.8.31 (Edgar, 2010). MrBayes 
3.2.7 was used for phylogenetic analyses with maximum 
likelihood. The values were estimated by ultrafast bootstrap 
using 10 000 iterations. The resulting trees were analysed with 
MEGA 7 (Kumar et al., 2016), which was also used to 
automatically plot expression values and detection in venom. 

Comparative expression analysis was performed as follows: 
comparison of RNA-Seq data of venom glands of various 
species was performed using Bowtie v0.12.7 (Langmead et 
al., 2009) and TopHat v2.0.6 (Trapnell et al., 2009) for 
mapping. Gene expression values were calculated from the 
expected number of fragments per kilobase of transcript 
sequence per million base pairs sequenced (FPKM) (Trapnell 
et al., 2010). The FPKM values for genes from every tissue 
were determined by rSeq (Jiang & Wong, 2009). The graphs 
and statistical analyses were performed using GraphPad 
Prism v5.0 (La Jolla, USA) and R v3.3.2. Here, P<0.05 was 
considered statistically significant. 


Insect bioassays and hemolytic assays 
Insect bioassays were performed according to the method in 
Yang et al. (2012). Freeze-dried crude venom powder was 
dissolved in insect saline (concentrations in deionized water: 
140 mmol/L NaCl, 5 mmol/L KCl, 4 mmol/L NaHCO3, 1 
mmol/L MgCl,, 0.75 mmol/L CaCl», 5 mmol/L HEPES) and 
injected into grasshoppers (Locusta migratoria manilensis; 
mass 700-900 mg) and mealworms (Tenebrio molitor larvae; 
mass 190-210 mg). Ants (Tetramorium spp., adults; mass 
35-55 mg) were fed with same venom. 

Using human, mouse, and rabbit red blood cells (RBCs), 


hemolytic activity was assayed as described previously (Liu et 
al., 2012; Zhao et al., 2018b). Briefly, serial dilutions of the 
samples were incubated with washed RBCs (3%) at 37 °C for 
30 min and then centrifuged. The resulting supernatant was 
measured at an absorbance of 540 nm. Maximum hemolysis 
was determined by adding 1% Triton X-100 to the cell 
samples. 


RESULTS 


Phylogeny of scolopendrid centipedes and isolation of 
venom gland 

Original Chinese medicinal centipedes include S. mutilans, S. 
multidens, S. mojiangica, and S. negrocapitis (Wang et al., 
1997). Here, we studied the novel substitutional 
pharmaceutical centipede, S. mojiangica, with comparative 
analysis of active molecules. Scolopendra mojiangica showed 
a relatively close relationship to S. negrocapitis, S. mutilans, 
and S. multidens (Figure 1A), though a smaller body size than 
S. mutilans, S. dehaani, and S. multidens. Similar to other 
species, it also uses venom to attack prey and in defense. 

The protocol for isolating venom glands from S. mojiangica 
was described in our previous study (Liu et al., 2012). Healthy 
adult centipedes (n=280) without injury were selected, and the 
venom glands were dissected from their first pair of limbs. 
After that, 3 V AC was used to stimulate the venom gland and 
ensure that more toxins were included, so that proteome 
coverage could be improved. The isolated venom glands were 
then further processed (Figure 1B). A portion of each sample 
was used to obtain the proteome by SDS-PAGE analysis. 
























































Protein bands from the venom gland were excised for in-gel 
digestion and subjected to ESI-MS/MS analysis. The 
remaining portion of each sample was used to extract RNA, 
followed by RNA-Seq analysis of the transcriptome. 


Proteomic analysis of venom components 

A total of 246 proteins were identified in S. mojiangica at 95% 
coverage by ESI-MS/MS analysis (Supplementary Table S1; 
Figure 2A). In the proteome, 73.6% of proteins (n=181) were 
cellular components and 19.1% of proteins (n=47) were 
unknown functional proteins, which were putative venom 
toxins. Only 18 proteins were identified as toxin-like proteins, 
including neurotoxins, K* channel inhibitors, and blarina toxins 
(Figure 2B; Table 1). Although we obtained more proteins in 
S. mojiangica than in S. mutilans and S. viridis with proteomic 
analysis, the detected toxin-like proteins in S. mojiangica 
represented a lower percentage of total proteins than those 
identified in S. mutilans in our previous study (Figure 2C). In 
the venom proteome, most of the identified proteins showed a 
molecular weight of less than 50 kDa, similar to the proteome 
of S. mutilans (Figure 2D). Thus, the centipedes contained 
notably small functional molecules for potential 
pharmaceutical use, as expected. Based on peptide detection, 
23.2% of proteins consisted of six or more unique peptides 
(Supplementary Figure S2). In addition, the more enriched the 
peptides assembled into proteins, the more comprehensive 
was the proteome obtained. 


Transcriptomic analysis of venom components 
We acquired 43 381 437 clean reads assembled into 132 597 
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Figure 1 Proteomic and transcriptomic analyses of new pharmaceutical centipede 

A: Molecular phylogenetic analysis of centipede, S. mojiangica, by maximum likelihood based on CO/ genes. Red labels correspond to two 
centipedes in our study, and posterior probabilities are assigned to nodes. B: Workflow for proteomic and transcriptomic analyses of centipede, S. 
mojiangica. Venom was processed and subjected to SDS-PAGE followed by in-gel digestion. Samples were then analysed in a separate ESI- 
MS/MS assay. For transcriptomic analysis, venom glands (not venom) were used for high-throughput sequencing. Functional analysis was 


combined with proteomic and transcriptomic data. 
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Figure 2 Profiles of S. mojiangica proteome 
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A: Cumulative distribution of protein peptide coverage. Horizontal axis shows protein peptide coverage, and vertical axis shows protein ratio. B: Pie 
chart of identified proteins from our S. mojiangica proteome. C: Comparison of toxin-like proteins determined by proteomic analysis among three 
centipedes: i.e., S. mojiangica, S. viridis (Gonzalez-Morales et al., 2014), and S. mutilans (Zhao et al., 2018a). D: Distribution of molecular weights 


of proteome proteins. 


contigs from the venom gland using the Trinity program. As a 
result, the transcriptome data consisted of 107 642 putative 
gene objects (all unigenes) ranging from 101 bp to 9 184 bp, 
with an average length of 423 bp. The number of unigenes 
larger than 500 bp was 24 219. The largest unigenes were 
9 184 bp in size, and the N50 of the unigenes was 214 bp 
(Supplementary Figure S3 and Table S2). 

For comparative analysis, the venom gland transcriptome 
from S. mojiangica showed many transcripts (n=46 571) with 
high similarity to those of S. mutilans. Notably, however, most 
transcripts showed low similarity between the two centipede 
species (Figure 3A). In the transcriptomic expression analysis, 
the read count of each transcript in S. mojiangica and S. 
mutilans showed biases for gene expression, with higher 
expressed transcripts in S. mojiangica (Figure 3B). Functional 
annotation analyses of these transcripts were combined with 
Blast searching and phylogenetic analyses to obtain toxin-like 
unigenes. In total, 410 toxin-like transcripts were identified in 
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the transcriptome of S. mojiangica, more than that identified in 
S. mutilans (342 transcripts). Furthermore, these transcripts 
were divided into 34 categories, mainly consisting of alpha- 
latrocrustotoxin, delta-latroinsectotoxin, ion channel inhibitors, 
and alpha-latrotoxin (Figure 3C). 


Comparative determination of centipede toxins 
As expected, we identified 34 kinds of toxin-like unigenes 
(n=342) from the transcriptome of S. mutilans using the same 
annotation method as that of S. mojiangica (Figure 4A). In 
total, 11 of these toxin-like unigenes encoded the most 
transcripts in the two centipedes. With gene expression 
analyses, most toxin-like unigenes showed no differential 
expression between S. mojiangica and S. mutilans, except for 
four toxin-like unigenes (i.e., alpha-latrotoxin, hopsarin-D, 
metalloproteinase, and trocarin) (Figure 4B). 

Finally, we determined the toxicity and performed crude 
isolation of the centipede venom. The crude centipede venom 


Table 1 Toxin-like proteins/peptides identified from venom proteome of S. mojiangica centipede 


GenBank 


Sequence ID ; 
accession No. 


Sequence description 


Category 


Peptides E-Value MW (kD) Calc. pl FPKM 





Blarina toxin precursor (EC 


ScoMo_singlet48841 AT0003236 3.4.21.-) 


Mucrofibrase-5 precursor (EC 


ScoMo_singlet50899 AT0003766 3.4.21.-) 


Pseudechetoxin-like protein 


ScoMo_singlet71394 AT0002263 precursor 


ScoMo_contig2076 giļ429840589 K+ channel inhibitor 


ScoMo_singlet78309 AT0000117 Latisemin precursor 


Blarina toxin precursor (EC 


ScoMo_contig4762 AT0003236 3.4.21.-) 


Thrombin-like enzyme 


ScoMo_singlet45908 AT0003741 contortrixobin (EC 3.4.21.-) 


ScoMo_singlet67462 AT0000120 Pseudecin precursor 


ScoMo_singlet72573 AT0000552 Hopsarin-D (EC 3.4.21.6) 


Trocarin precursor (EC 3.4.21.6) 
Hopsarin-D (EC 3.4.21.6) 


ScoMo_singlet76606 AT0000554 
ScoMo_singlet25641 AT0000552 


ScoMo_singlet69905 ATO000554 Trocarin precursor (EC 3.4.21.6) 
Zinc metalloproteinase fibrolase 


ScoMo_singlet57737 AT0003404 (EC 3.4.24.72) 


ScoMo_singlet8256 AT0000762  ‘lpha-latrocrustotoxin 


ScoMo_singlet68890 AT0000552 Hopsarin-D (EC 3.4.21.6) 


Omega-slptx-ssm2a neurotoxin 
ScoMo_singlet7846  gi[392295725 precursor 


ScoMo_singlet55496 gil501293796 Cathepsin L 


ScoMo_singlet39956 AT0000554 Trocarin precursor (EC 3.4.21.6) 


Blarina toxin 9 


Mucrofibrase-5 11 


Pseudechetoxin 276 


Metalloproteinase 20 


1.00E-37 21.61 4.15 92.54 
4.00E-16 14.40 9.93 3 454.74 


9.00E-42 28.74 9.86 7 195.57 





Channel inhibitor 617 4.00E-164 62.76 9.15 1.37 
Latisemin 412 2.00E-22 20.89 7.96 0.00 
Blarina toxin 108 1.00E-44 28.58 6.5 15 173.32 
Serine proteinase 109 1.00E-41 44.94 5.08 1 685.57 
Pseudechetoxin 66 5.00E-32 23.71 8.91 14 111.58 
Hopsarin-D 93 1.00E-121 85.15 6.53 132.70 
Trocarin 38 3.00E-138 84.92 6.17 60.34 
Hopsarin-D 46 5.00E-20 27.21 4.6 184.53 
Trocarin 14 4.00E-107 40.69 5.28 1 245.366 


4.00E-16 35.21 8.13 48.71 


Alpha: 10 0 50.48 6.79 136.27 
latrocrustotoxin 

Hopsarin-D 13 5.00E-75 42.03 7.88 161.84 
Neurotoxin 11 8.00E-36 8.56 4.93 16647.01 
Cathepsin L 180 1.00E-155 37.30 635 2.83 
Trocarin 12 4E-09 464 3.79 5.55 


MW: Molecular Weight; Calc. pl: The calculated isoelectric point (pl); FPKM: Fragments Per Kilobase of exon model per Million mapped fragments. 


exhibited strong insecticidal action (Figure 5A), and the crude 
venom had a similar potency as the venom of S. mutilans. The 
crude venom and its fractions eluted from the S-100HR 
column (Supplementary Figure S1; Figure 5B) showed 
hemolytic activity. The elution of peak 1 (P1) showed high 
hemolytic activity on human RBCs when 1 mg/mL 
protein/peptide was incubated for 4 h. In contrast, peaks 3, 5, 
and 6 (P3, P5, and P6) had lower hemolytic activity than that 
of P1 and crude venom. 


DISCUSSION 


Due to long-term evolutionary fine-tuning, venom toxins exhibit 
high specificity and potency for molecular targets that are not 
often found in natural or synthetic small molecules, and thus 
animal toxins are valuable pharmacological tools (King, 2011, 
2013). There are many cases in which venom toxin has been 
used as a pharmacological molecule, e.g., snake venom, dried 
toad skin secretions (Chan Su), tarantula venom, and cobra 
venom used as traditional Ayurvedic, Chinese, Mexican, and 
Central and South American medicines, respectively (Harvey, 


2014; King, 2011). These traditional medicines have been 
used to treat arthritis, gastrointestinal ailments, asthma, polio, 
multiple sclerosis, rheumatism, severe pain, and trigeminal 
neuralgia, or as a diuretic anesthetic and anti-cancer agent. 
Centipede venom has different biomedical properties and 
represents a vast reservoir of toxins, similar to venom from 
other animals. Due to its origins in one of the oldest venomous 
arthropods, centipede venom displays excellent activities and 
good prospects for drug development (Undheim et al., 2016; 
Zhang, 2015). Importantly, the centipede is a traditional 
Chinese medicine with an application history of more than 
2 000 years (Chen & Yu, 1999; Zhao et al., 2018a). In China, 
pharmaceutically applied centipedes include S. mutilans, S. 
multidens, S. dehaani, and S. negrocapitis, with S. mojiangica 
(Wang et al., 1997) very occasionally used as a substitute. 
Our results showed that the venom toxicity of this centipede is 
strong in comparison to that of S. mutilans, a commonly used 
centipede in medicine. 

In our previous study, the centipede showed diverse protein 
or peptide components, with the most abundant toxins in the 
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Figure 3 Identification of toxins from transcriptome of venom gland in centipedes 

A: Comparison of transcripts identified in venom glands from two centipedes, S. mojiangica and S. mutilans, with transcriptomic analysis. B: 
Expression of all transcripts in venom glands of S. mojiangica and S. mutilans. Read counts reflect quantification accuracy of differential expression 
by mapping reads to transcripts and read counting. C: Pie chart of venom toxin-like proteins/peptides identified in transcriptomes of S. mojiangica 
and S. mutilans. In total, 410 and 342 venom toxin-like proteins/peptides were identified from S. mojiangica and S. mutilans, respectively, using 


transcriptomic analysis. 


venom and torso tissues found to be more highly expressed 
than other active molecules using our method (Liu et al., 2012; 
Zhao et al., 2018a). Here, based on proteomic detection, we 
showed that the toxin-like proteins in S. mojiangica accounted 
for a lower percentage of total proteins than that in S. 
mutilans. However, there was a similar constitution and 
quantity of toxin transcripts in these two centipedes. We used 
high-throughput ESI-MS/MS and RNA-Seq technology to 
investigate the diversity of novel venom proteins, especially 
low-abundance __ peptides/proteins not detected using 
conventional methods (Savitski et al., 2005). Most of the 
detected proteins were identified as potentially active 
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molecules with low molecular weights and unknown functions. 
In addition, each detected protein contained at least six 
peptides in the proteome dataset. The proteomic results for S. 
mojiangica were very similar to the protein detection results for 
S. mutilans. More than 400 toxin-like proteins/peptides were 
identified by transcriptome analysis in the centipede, but not 
detected in the proteome. Thus, most putative toxins in 
centipede venom may have low levels of expression in S. 
mojiangica and S. mutilans. In conclusion, centipede venom 
contains a surprising variety of toxin-like proteins/peptides. 
Regarding toxin distribution, based on transcriptomic 
analysis, we identified more toxin transcripts in S. mojiangica 
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Figure 4 Comparison of toxin-like molecules distributed in centipedes S. mojiangica and S. mutilans 

A: Distribution of identified toxin-like molecules in S. mojiangica and S. mutilans. Toxin-like transcripts (n=410) in S. mojiangica were divided into 34 
categories. Blue dots represent transcripts of S. mutilans and red dots represent transcripts of S. mojiangica. B: Main components of toxin-like 
molecules expressed in S. mojiangica and S. mutilans. Transcriptomic analysis showed only four types of toxin-like molecules with differential gene 


expression between S. mojiangica and S. mutilans. 
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Figure 5 Insecticidal activity of crude centipede venom 
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A: Insecticidal activity of crude centipede venom. B: Hemolytic activity of elution of crude centipede venom. Peaks 1, 3, 5, and 6 at concentrations of 
1 mg/mL were incubated with human red blood cells for 30 min at 37 °C, and absorbance of supernatant was measured at 540 nm. 


than in S. mutilans. Most toxins did not show significantly 
differential expression between S. mojiangica and S. mutilans, 
including that of ion channel inhibitors and serine proteinases. 
The centipede S. mojiangica demonstrated higher gene 
expression of metalloproteinase, trocarin, hopsarin-D, and 
alpha-latrotoxin compared to S. mutilans. Therefore, S. 
mojiangica could be substituted for S. mutilans in medical use. 
These results indicate that S. mojiangica venom could be a 
rich source of pharmacologically and medically useful 


compounds. 

Usually, we can obtain approximately 0.2-0.5 mg of crude 
venom from a single adult S. mutilans centipede over a period 
of two weeks. However, one adult S. mojiangica yielded less 
than 0.1 mg of crude venom in the same period. Therefore, it 
was difficult to study the venom components, including their 
pharmaceutical activity or medicinal application. In addition to 
the current annotation methods of centipede toxins, our results 
revealed that a wide variety of toxin-like active molecules were 
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expressed in the venom gland by combining Blast alignment 
with the existing toxin databases and phylogenetic 
reconstruction of toxin relationships. Theoretically, this method 
may produce false positives, especially for proteins with low 
abundance and expression when using high-throughput 
proteomic and transcriptomic analyses with ESI-MS/MS and 
RNA-Seq technology. However, we used previously 
established approaches to maximize the search for functional 
proteins. Our results provide good evidence that the use of 
this substitute medicinal centipede is an appropriate medical 
option. Importantly, our data provide important clues to 
improve the use of the centipede as a traditional Chinese 
medicine. 


CONCLUSIONS 


Here, we used omics techniques to determine the profiles of 
venom components and toxin-like molecules in a new 
pharmaceutical centipede, S. mojiangica. We performed in- 
depth proteomic analysis of venom and deduced full-length 
protein sequences by combining proteome and transcriptome 
databases. We obtained more than 400 toxin-like molecules 
with potent activity. With gene expression and inter-species 
comparative analysis, we identified a broad and diverse 
composition of toxin-like molecules, which may play key roles 
in the functions of centipede venom. Our results indicate that 
this centipede is valuable for medicinal use and drug 
development, like other centipede species. Furthermore, our 
methods could improve the application of the centipede as a 
traditional Chinese medicine. 
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ABSTRACT 


The accessory olfactory bulb (AOB), located at the 
posterior dorsal aspect of the main olfactory bulb 
(MOB), is the first brain relay of the accessory 
olfactory system (AOS), which can parallelly detect 
and process volatile and nonvolatile social 
chemosignals and mediate different sexual and 
social behaviors with the main olfactory system 
(MOS). However, due to its anatomical location and 
absence of specific markers, there is a lack of 
research on the internal and external neural circuits 
of the AOB. This issue was addressed by single- 
color labeling and fluorescent double labeling using 
retrograde rAAVs injected into the bed nucleus of the 
stria terminalis (BST), anterior cortical amygdalar 
area (ACo), medial amygdaloid nucleus (MeA), and 
posteromedial cortical amygdaloid area (PMCo) in 
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mice. We demonstrated the effectiveness of this 
AOB projection neuron labeling method and showed 
that the mitral cells of the AOB exhibited efferent 
projection dispersion characteristics similar to those 
of the MOB. Moreover, there were significant 
differences in the number of neurons projected to 
different brain regions, which indicated that each 
mitral cell in the AOB could project to a different 
number of neurons in different cortices. These 
results provide a circuitry basis to help understand 
the mechanism by which pheromone information is 
encoded and decoded in the AOS. 


Keywords: Accessory olfactory bulb; Efferent 
projections; Retrograde rAAVs; Projection neuron 
labeling; Dispersion characteristics; Circuitry basis 
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INTRODUCTION 


Most animals rely heavily on their chemosensory perception to 
interact with their surroundings, with a variety of odor 
molecules carrying a wealth of information. Chemical senses, 
based on the detection of molecules, trigger physiological, 
reproductive, and social responses, and play essential roles in 
foraging and avoidance, escaping from predators, and locating 
suitable mating partners (Su et al., 2009). Terrestrial 
vertebrates have two anatomically distinct and functionally 
overlapping (in part) olfactory systems: i.e., the main olfactory 
system (MOS) and accessory olfactory system (AOS), which 
can, in parallel, detect and process volatile and nonvolatile 
social chemosignals and mediate different sexual and social 
behaviors through different receptors and signal transduction 
pathways (Spehr et al., 2006). The AOS is a relatively “simple” 
combination of neural circuits with complex information 
processing mechanisms and is directly related to 
neuroendocrine changes, emotional changes, and 
social/sexual behaviors, making it an ideal model for studying 
chemical sensory coding (Mohrhardt et al., 2018). 

The vomeronasal organ (VNO), which comprises the 
peripheral sensory structure of the AOS, plays a major role in 
detecting both hetero- and con-specific social cues that 
convey information about identity, gender, social rank, and 
sexual state (Ackels et al., 2016). The VNO is a bilaterally 
symmetrical, cylindrical organ encased in a bony capsule on 
the anterior nasal septum. It is blind posteriorly with a 
crescent-shaped sensory epithelium located at the medial wall 
of the organ and a large blood vessel running laterally to the 
lumen. Furthermore, depending on the species, it opens 
anteriorly into either the nasal or oral cavity to allow entry of 
chemosignals, especially nonvolatile chemical cues, after 
direct physical contact of the snout with odor sources (Doving 
& Trotier, 1998; Dulac & Torello, 2003; Halpern & Martinez- 
Marcos, 2003). Within the VNO, sensory neurons can be 
categorized into two segregated subpopulations organized in 
separate layers of the vomeronasal epithelium. Cells 
expressing type-I vomeronasal receptors (V1Rs) or formyl 
peptide receptors (FPRs) and Gi proteins in the apical layer 
project to the anterior part of the accessory bulb (aAOB). 
However, cells in the basal layer expressing type-ll 
vomeronasal receptors (V2Rs) and Go proteins project to the 
posterior part of the AOB (pAOB) (Dulac & Torello, 2003; 
Riviere et al., 2009). The V1R/FPR-expressing cells are 
responsive to small hydrophobic molecules, such as volatile 
urinary components or pathogenic molecules emitted by sick 
animals (Leinders-Zufall et al., 2000; Riviere et al., 2009). The 
sensory neurons expressing V2Rs, which contain a large N- 
terminal domain and form ligand binding sites, respond to 
proteinaceous components (Breer et al., 2006; Krieger et al., 
1999; Leinders-Zufall et al., 2004). 

The AOB, located at the posterior dorsal aspect of the main 
olfactory bulb (MOB), is the first brain relay of the AOS and 
has a compact laminar structure approximately 1.5 mm 
(anterior-posterior) by 0.6 mm (medial-lateral) in surface area 
(Holy, 2018). The AOB shares many similarities with the larger 


MOB in broad classes of neuronal populations, layered 
organization, and connectivity. Yet, the AOB and MOB also 
show notable differences with respect to cytoarchitecture, 
glomerular formation, and physiological and morphological 
properties of projection neurons (Dulac & Wagner, 2006; 
Larriva-Sahd, 2008; Mohrhardt et al., 2018; Moriya-lto et al., 
2013; Urban & Castro, 2005; Yokosuka, 2012; Yoles-Frenkel 
et al., 2018; Yonekura & Yokoi, 2008). Each mitral cell 
contains multiple thick glomerular (or primary) dendrites 
toward multiple glomeruli (ranging between 2 and 10) (Takami 
& Graziadei, 1991; Urban & Castro, 2005; Yonekura & Yokoi, 
2008). This unique organization is markedly distinct from that 
in the MOB, where each mitral cell contacts a single 
glomerulus (Su et al., 2009). Moreover, the thin secondary 
(accessory) dendrites, emanating from the cell body, are 
shorter and fewer in number than in the MOB mitral cells 
(Mohrhardt et al., 2018). 

However, due to its anatomical location and absence of 
specific markers, there is a lack of research on the internal 
and external neural circuits of the AOB. For example, 
projection of the MOB is characterized by one-to-many, that is, 
the axonal branches of individual mitral cells can reach all 
olfactory cortices (Nagayama et al., 2010). This indicates that 
the encoded and transmitted odor information may be similar, 
but different olfactory cortices may have different odor 
decoding mechanisms, which eventually lead to the 
perception of odorants. The question is, does the AOB have 
similar projection characteristics as the MOB? Although the 
fine structure and configuration of these projections have been 
investigated in the MOB (Ghosh et al., 2011; Miyamichi et al., 
2011; Nagayama et al., 2010; Sosulski et al., 2011), the 
projection characteristics of mitral cells in the AOB remain 
unknown. 

In the present study, we successfully infected the mitral cell 
layer of the AOB (MiA) with rAAV2-retro absorbed by their 
terminal axons in different accessory olfactory cortices, 
including the bed nucleus of the stria terminalis (BST), anterior 
cortical amygdalar area (ACo), medial amygdaloid nucleus 
(MeA), and posteromedial cortical amygdaloid area (PMCo), 
thus indicating the effectiveness of this method for AOB 
projection neuron labeling. We then used two-color rAAV2- 
retro to achieve the co-labeling of mitral cells in the AOB from 
two different cortices. Results showed that the projection 
patterns of mitral cells in the AOB were like those of the MOB. 
Hence, the decoding mechanism of pheromones in the AOS 
may be similar to that in the MOS. Moreover, there may be 
significant differences in the number of neurons projected to 
the same area in different brain regions, indicating that each 
mitral cell in the AOB could project to a different number of 
neurons in different cortices. 


MATERIALS AND METHODS 


Animals 
All surgical and experimental procedures were conducted in 
accordance with the guidelines of the Animal Care and Use 
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Committees at the Wuhan Institute of Physics and 
Mathematics, Chinese Academy of Sciences (reference No.: 
WIPM-(2014)39). Adult male C57BL/6 mice (15—40 weeks old, 
purchased from Hunan SJA Laboratory Animal Company, 
China) were housed in a specific pathogen-free facility under a 
controlled room temperature (22+2 °C), humidity (60%—80%), 
and 12 h:12 h light/dark cycle. Food and water were available 
ad libitum. 


Virus injection 

Recombinant rAAV2-retro-Ef1a-EYFP-WPRE-pA and rAAV2- 
retro-Efia-mCherry-WPRE-pA were prepared by BrainVTA 
(China). Animals were anesthetized with chloral hydrate (400 
mg/kg), and then placed in a stereotaxic apparatus (RWD, 
China). During surgery and virus injection, anesthesia was 
maintained with isoflurane (1%). The skull above the target 
areas was thinned with a dental drill and removed carefully. 
Injections were administered with a syringe pump 
(Quintessential Stereotaxic Injector, USA) connected to a 
glass micropipette with a tip diameter of 10-15 mm. rAAV2- 
retro (80 nL, 1x1013 vg/mL) was injected (8 nL/min) respectively 
into the accessory olfactory cortex of adult C57 mice with the 
following coordinates: BST (AP, 0 mm; ML, —0.6 mm; DV, 
—4.5 mm), ACo (AP, —0.58 mm; ML, —2.35 mm; DV, —5.7 mm), 
MeA (AP, —1.1 mm; ML, —2.0 mm; DV, —5.0 mm), PMCo (AP, 
-3.08 mm; ML, -3.2 mm; DV, -5.25 mm). Four weeks after 
virus infection, the animals were transcardially perfused with 
physiological saline followed by 4% paraformaldehyde (PFA). 


Tissue section preparation, imaging, and data analysis 
Brains were removed, post-fixed in PFA overnight, and 
dehydrated in 30% (w/v) sucrose for 3 d. The AOB was 
sagittally sectioned and the accessory olfactory cortex was 
coronally sectioned on a cryostat microtome (NX50, Thermo, 
USA). Sequential whole-brain sections (50 um thick) were 
transferred into antifreeze solution (50% PBS, 30% ethylene 
glycol, 20% glycerol) in 24-well plates for storage at -25 °C. 
For fluorescent imaging, they were wet-mounted with DAPI, 
sealed with nail polish, and imaged with the VS120 virtual 
microscopy slide-scanning system (Olympus, Japan). All 
slices of the AOB were photographed and the number of 
labeled cells was counted, with the posterior cortex sampled 
at intervals of 300 um. The acquired images were processed 
with Adobe Photoshop CS4 and Adobe Illustrator CS6.0 for 
illustrations. For cell counting in ImageJ, the boundaries of 
brain regions were delineated manually based on the Allen 
Brain Atlas and Mouse Brain Atlas (Fourth Edition) and the 
labeled neurons were quantified by the cell counter plug-in. 
For all statistical analyses in SPSS (v13.0), we first verified 
that all data were normally distributed using the one-sample 
Kolmogorov-Smirnov test, then calculated the mean value, 
standard deviation, and standard error of each group, with 
one-way ANOVA followed by post-hoc test used to determine 
statistical differences between groups. Statistical significance 
was set at P<0.001, P<0.01, and P<0.05. Numbers of labeled 
neurons and co-labeling percentages were presented as 
meanstSD and means+SEM, respectively. Graphs were 
made using GraphPad Prism (v7.0). 


150 www.zoores.ac.cn 


RESULTS 


AOB projects to BST, ACo, MeA, and PMCo 

To verify the effectiveness of labeling the mitral cells of the 
AOB, we injected retrograde tracers into different accessory 
olfactory cortices of mice. The primary data showed that the 
MiA could be labeled by cholera toxin B (CTB, not shown) or 
by rAAV2-retro injected in the BST, ACo, MeA, and PMCo 
(Figure 1A—-H). These results indicated that the AOB could 
project to the BST, ACo, MeA, and PMCo. In addition, we 
found that the number of infected neurons in the MiA per slice 
varied in different retrograde-labeled brain regions (Figure 11). 
Among them, the infected neurons were greatest in MeA and 
PMCo labeling (MeA: 111.06+74.39, PMCo: 117.12482.213), 
followed by ACo labeling (ACo: 48.3436.943), and finally BST 
labeling (BST: 26.05+20.061), with significant differences 
found between them (one-way ANOVA followed by post-hoc 
test; BST vs. ACo: P=0.198; BST vs. MeA: P<0.001; BST vs. 
PMCo: P<0.001; ACo vs. MeA: P<0.001; ACo vs. PMCo: 
P<0.001; MeA vs. PMCo, P=0.375) (Figure 11). 


AOB projects to BST and PMCo simultaneously 
To test the features of the efferent axonal fibers of the AOB in 
mice, we used rAAV2-retro with different fluorescent protein 
elements, which do not repel each, to infect the same neurons 
(Zhu et al., 2020). Specifically, rAAV2-retro-Ef1a-EYFP- 
WPRE-pA and _ rAAV2-retro-Efia-mCherry-WPRE-pA were 
injected into two different accessory olfactory cortices 
simultaneously to achieve retrograde co-labeling of the AOB. 
We first injected rAAV2-retro-Ef1a-EYFP-WPRE-pA into the 
BST (Figure 2B) and rAAV2-retro-Ef1a-mCherry-WPRE-pA 
into the PMCo (Figure 2C). The two kinds of rAAV2-retro 
showed overlapping into the MiA after four weeks (Figure 2D- 
F). We found that the percentage of co-labeled neurons in the 
MiA among all labeled neurons was higher in BST labeling 
than in PMCo labeling (BST vs. PMCo: 40.539%+6.850% vs. 
5.80%+1.709%; one-way ANOVA, F=24.219, P<0.001, n=3) 
(Figure 2G). In addition, fluorescent markers of different colors 
appeared at both injection sites (not shown), indicating mutual 
regulation between the BST and PMCo. 


AOB projects to ACo and PMCo simultaneously 

In addition, we injected rAAV2-retro-Ef1a-EYFP-WPRE-pA 
into the ACo (Figure 3B) and rAAV2-retro-Ef1a-mCherry- 
WPRE-pA into the PMCo (Figure 3C). The two kinds of 
rAAV2-retro demonstrated overlapping in the MiA after four 
weeks (Figure 3D-F). We found that the percentage of co- 
labeled neurons in the MiA among all labeled neurons was 
greater in ACo labeling than in PMCo labeling (ACo vs. PMCo: 
63.792%+4.578% vs. 19.758%+3.142%; one-way ANOVA, 
F=62.882, P<0.001, n=3) (Figure 3G). In addition, fluorescent 
markers of different colors appeared at both injection sites 
(Figure 3B, C), indicating mutual regulation between the ACo 
and PMCo. 


AOB projects to PMCo and MeA simultaneously 
We injected rAAV2-retro-Ef1a-mCherry-WPRE-pA into the 
MeA (Figure 4B) and rAAV2-retro-Ef1a-EYFP-WPRE-pA into 









No. of infected neurons per slice in AOB (”) 


BST ACo MeA 


Figure 1 Mitral cell layer of AOB (MiA) projecting to BST, ACo, MeA, and PMCo 

A, B: BST was injected with rAAV2-retro-Ef1a-EYFP-WPRE-pA (in green) (A) and MiA was labeled after four weeks (B). C, D: ACo was injected 
with rAAV2-retro-Ef1a-mCherry-WPRE-pA (in red) (C) and MiA was labeled after four weeks (D). E, F: MeA was injected with rAAV2-retro-Ef1a- 
mCherry-WPRE-pA (in red) (E) and MiA was labeled after four weeks (F). G, H: PMCo was injected with rAAV2-retro-Ef1a-EYFP-WPRE-pA (in 
green) (G) and MiA was labeled after four weeks (H). |: No. of infected neurons in MiA per slice varied in different retrograde-labeled brain regions. 


***. P<Q.001. Scale bars: 200 um. n=10, 6, 16, 11. 


the PMCo (Figure 4C). The two kinds of rAAV2-retro showed 
overlapping in the MiA after four weeks (Figure 4D-—F). We 
found that the percentage of co-labeled neurons in the MiA 
among all labeled neurons was higher in PMCo labeling than 
in MeA labeling (PMCo vs. MeA: 95.836%+0.763% vs. 
34.954%+2.494%; one-way ANOVA, F=544.944, P<0.001, 
n=3) (Figure 4G). In addition, fluorescent markers of different 
colors appeared at both injection sites (Figure 4B, C), 
indicating mutual regulation between the PMCo and MeA. 


AOB projects to BST and MeA simultaneously 

We injected rAAV2-retro-Ef1a-EYFP-WPRE-pA into the BST 
(Figure 5B) and rAAV2-retro-Ef1a-mCherry-WPRE-pA into the 
MeA (Figure 5C). The two kinds of rAAV2-retro showed 
overlapping in the MiA after four weeks (Figure 5D—-F). We 
found that the percentage of co-labeled neurons in the MiA 
among all labeled neurons was greater in BST labeling than in 
MeA labeling (BST vs. MeA: 70.645%+3.288% vs. 
13.888%+0.848%; one-way ANOVA, F=284.577, P<0.001, 
n=3) (Figure 5G). In addition, fluorescent markers of different 
colors appeared at both injection sites (Figure 5B, C), 
indicating mutual regulation between the BST and MeA. 


AOB projects to ACo and MeA simultaneously 

We injected rAAV2-retro-Ef1a-EYFP-WPRE-pA into the ACo 
(Figure 6B) and rAAV2-retro-Ef1a-mCherry-WPRE-pA into the 
MeA (Figure 6C). The two kinds of rAAV2-retro demonstrated 
overlapping in the MiA after four weeks (Figure 6D-—F). We 
found that the percentage of co-labeled neurons in the MiA 
among all labeled neurons was greater in MeA labeling than in 
ACo labeling (ACo vs. MeA: 38.538%+2.460% vs. 
15.685%+2.531%; one-way ANOVA, F=41.919, P<0.001, n=3) 
(Figure 6G). In addition, green fluorescent markers appeared 
at the MeA (Figure 6C), indicating projections from the MeA to 
ACo. Red fluorescent markers were found at the ACo (not 
shown), indicating mutual regulation between the ACo and 
MeA. 


DISCUSSION 


We used rAAV2-retro to successfully label AOB projection 
neurons in the MiA from the BST, ACo, MeA, and PMCo, and 
further adopted two-color rAAV2-retro to achieve co-labeling 
of mitral cells in the AOB. We demonstrated that a single 
neuron in the MiA could project to at least two different brain 
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Figure 2 MiA projecting into BST and PMCo simultaneously 

A: Schematic. B: Injection site of rAAV2-retro-Ef1a-EYFP-WPRE-pA (in green) in BST. C: Injection site of rAAV2-retro-Ef1a-mCherry-WPRE-pA (in 
red) in PMCo. D-F: Two kinds of rAAV2-retro overlapped in MiA after four weeks (arrows indicate co-labeled neurons). G: Percentages of co- 
labeled neurons in MiA among all labeled neurons in BST and PMCo labeling, respectively. ***: P<0.001. Scale bars: 200 um. n=3. 
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Figure 3 MiA projecting into ACo and PMCo simultaneously 

A: Schematic. B: Injection site of rAAV2-retro-Ef1a-EYFP-WPRE-pA (in green) in ACo. C: Injection site of rAAV2-retro-Ef1a-mCherry-WPRE-pA (in 
red) in PMCo. D-F: Two kinds of rAAV2-retro overlapped in MiA after four weeks (arrows indicate co-labeled neurons). G: Percentages of co- 
labeled neurons in MiA among all labeled neurons in ACo and PMCo labeling, respectively. ***: P<0.001. Scale bars: 200 um. n=3. 
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Figure 4 MiA projecting into PMCo and MeA simultaneously 

A: Schematic. B: Injection site of rAAV2-retro-Ef1a-mCherry-WPRE-pA (in red) in MeA. C: Injection site of rAAV2-retro-Ef1a-EYFP-WPRE-pA (in 
green) in PMCo. D-F: Two kinds of rAAV2-retro overlapped in MiA after four weeks (arrows indicate co-labeled neurons). G: Percentages of co- 
labeled neurons in MiA among all labeled neurons from MeA and PMCo, respectively. ***: P<0.001. Scale bars: 200 um. n=3. 
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Figure 5 MiA projecting into BST and MeA simultaneously 

A: Schematic. B: Injection site of rAAV2-retro-Ef1a-EYFP-WPRE-pA (in green) in BST. C: Injection site of rAAV2-retro-Ef1a-mCherry-WPRE-pA (in 
red) in MeA. D-F: Two kinds of rAAV2-retro overlapped in MiA after four weeks (arrows indicate co-labeled neurons). G: Percentages of co-labeled 
neurons in MiA among all labeled neurons from BST and MeA, respectively. ***: P<0.001. Scale bars: 200 um. n=3. 
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Figure 6 MiA projecting into ACo and MeA simultaneously 
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A: Schematic. B: Injection site of rAAV2-retro-Ef1a-EYFP-WPRE-pA (in green) in ACo. C: Injection site of rAAV2-retro-Ef1a-mCherry-WPRE-pA (in 
red) in MeA. D-F: Two kinds of rAAV2-retro overlapped in the MiA after four weeks (arrows indicate co-labeled neurons). G: Percentages of co- 
labeled neurons in MiA among all labeled neurons from ACo and MeA, respectively. ***: P<0.001. Scale bars: 200 um. n=3. 


regions. These results indicate that the dispersion 
characteristics of efferent projections of mitral cells in the AOB 
are similar to those of the MOB, that is, the axonal branches of 
individual mitral cells can reach all olfactory cortices 
(Nagayama et al., 2010). Although the dendrites, shapes, 
locations, and spontaneous and stimulus-induced activities of 
the AOB projection neurons rarely resemble those of MOB 
mitral cells (Larriva-Sahd, 2008; Mohrhardt et al., 2018), their 
transport patterns of information in the MOB and AOB may be 
similar, and different olfactory cortices may have different odor 
decoding mechanisms, eventually leading to different 
perceptions of odorants and pheromones. 

We also found that the numbers of labeled neurons in the 
AOB from various cortices were significantly different, in the 
order BST<ACo<MeA<PMCo (Figure 11). In addition, the 
percentages of co-labeled neurons from two cortices were 
highest in the BST, followed by the ACo and PMCo, and 
lowest in the MeA (Figures 2G, 3G, 4G, 5G, 6G), indicating 
that the number of labeled neurons in the AOB, from small to 
large, was in the order: BST, ACo, PMCo, and MeA. These 
results demonstrate that there were quantitative differences in 
the number of mitral cells in the AOB projecting to diverse 
accessory olfactory cortices, if the magnitude of the local axon 
terminals was the same in the rAAV-infected areas. However, 
given that rAAVs do not fully infect the entire targeted brain 
region, the number of labeled neurons in the AOB was 
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incomplete. According to previous results, a single AOB 
harbors 6 842 putative mitral cells (Mohrhardt et al., 2018), 
which is 4—18 times greater than that labeled in our study 
(Figure 11, MeA: 111.06+74.39, PMCo: 117.124+82.213, BST: 
26.05+20.061, ACo: 48.3436.943; approximately 15 slices in 
one AOB). Therefore, we cannot conclude that there are 
differences in the number of neurons in the AOB projecting 
into different brain regions. However, there may be significant 
differences in the number of neurons projecting to the same 
area in different brain regions, suggesting that each mitral cell 
in the AOB could project to a different number of neurons in 
different cortices, but this requires more sophisticated single- 
cell markers for detection and validation. 

In addition, we found that there was no significant difference 
in the projection pattern between the aAOB and pAOB, 
although their sources of input are isolated from each other 
(Dulac & Torello, 2003; Riviere et al., 2009). Nevertheless, 
only the aAOB or pAOB showed retrograde labeling, but 
limitedly (Figure 2F, form BST; Figure 3E, form ACo). These 
results are similar to previous research, which used 
anterograde and retrograde chemical tract-tracing methods in 
rats and demonstrated that apart from common vomeronasal- 
recipient areas, only the aAOB projects to the BST, medial 
division, and posteromedial part (BSTMPM), and only the 
pAOB projects to the dorsal anterior amygdale (AAd), deep 
cell layers of the bed nucleus of the accessory olfactory tract 


(BAOT), and anteroventral MeA (MeAV) (Mohedano-Moriano 
et al., 2007). The midline separating the aAOB and pAOB is 
determined by the boundary of Gai2 labeling between the 
anterior and posterior glomerular layer (GLA), which is roughly 
perpendicular to the AOB (Marking et al., 2017). Because of 
the larger local diffusion range of rAAVs, we cannot suggest 
significant anatomical and functional differences between the 
aAOB and pAOB, but their axonal projection patterns have a 
certain degree of convergence (von Campenhausen & Mori, 
2000). 

Finally, we found reciprocal projections between cortices, 
such as the ACo and PMCo (Figure 3B, C), MeA and PMCo 
(Figure 4B, C), MeA and BST (Figure 5B, C), and MeA and 
ACo (Figure 6B, C), which suggests that these brain regions 
regulate each other. Combined with previous results, these 
findings indicate that the way in which information is decoded 
in the accessory olfactory cortex remains unknown. Moreover, 
we found that no neurons in the MOB were labeled from the 
above-mentioned accessory olfactory cortices, including the 
CoA and MeA, which have been reported to receive inputs 
from the MOB (Kang et al., 2009). Whether the information 
convergence point of the MOS and AOS is the hypothalamus 





or the cortical amygdala (Kang et al., 2009; Perez-Gomez et 
al., 2015), or even direct connections between the MOB and 
AOB at the very beginning (Vargas-Barroso et al., 2015), is 
still controversial, requiring additional experiments with more 
sophisticated single-cell labeling tools to enable verification. 

Our study provides an effective method for labeling mitral 
cells in the AOB of mice and demonstrated that their axonal 
projection pattern was the same as in the MOB, i.e., 
dispersion characteristics of efferent projections to each cortex 
through a large number of axonal branches. Moreover, we 
found no significant differences between the aAOB and pAOB 
in projections to the BST, ACo, MeA, and PMCo, although 
their inputs were distinguishable from the apical and basal 
VNO (Figure 7). Further single-cell labeling and recordings are 
necessary to elucidate the projection patterns and information 
encoding of individual mitral cells in the aAOB and pAOB and 
whether individual cortical neurons sample information across 
segregated AOB pathways. It would be useful to study what 
pheromone information is represented in the different 
accessory olfactory cortices and to understand how the brain 
processes pheromone signals to elicit stereotypical behavioral 
responses. 




















Figure 7 Schematic of afferent projections in accessory olfactory system of mice 
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ABSTRACT 


Based on histological analyses and field studies, this 
research describes the reproductive ecology of a 
population of Ninia atrata snakes inhabiting an oil 
palm plantation. Furthermore, through a multivariate 
approach, we explored the main drivers of 
reproductive output in N. atrata. Results showed that 
prey abundance and food intake were crucial 
variables contributing to reproductive output. Multiple 
linear regression models showed that neonates had 
high sensitivity (R?=55.29%) to extreme changes in 
climate, which was strongly related to slug and snail 
abundance variability and microhabitat quality. 
Reproductive cycles were markedly different 
between the sexes, being continuous in males and 
cyclical in females. Despite this variation, 
reproductive cycles at the population level were 
seasonal semi-synchronous. Constant recruitment of 
neonates all year, multiple clutches, high mating 
frequency, and continuous sperm production 
characterized the reproductive phenology of N. 
atrata. In addition, a significant number of 
previtellogenic females presented oviductal sperm as 
well as uterine scars, suggesting a high precocity in 
the species. The main drivers of reproductive output 
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also differed between the sexes. In females, clutch 
size and secondary follicle variability were highly 
related to stomach bolus volume, fat body area, and 
body mass. In males, height of piles of palm leaves 
and body mass, rather than intrinsic reproductive 
traits, were the main drivers of sperm production. 
Nevertheless, in both cases, the relationship 
between body mass, prey abundance, and food 
intake suggests that N. atrata follows the income 
breeding strategy to compensate for reproductive 
costs and to maximize fitness. 


Keywords: Continuous male reproduction; Clutch 
mass; Income breeding; Iteroparity; 
Spermatogenesis; Oogenesis; Reproductiveeffort; 
El Nifto-Southern Oscillation (ENSO) 


INTRODUCTION 


Since the early efforts of Fitch (1970) to elucidate the 
reproductive cycles of tropical reptiles, research on the 
reproductive phenology of tropical snakes has increased in 
response to the historical disparity between temperate and 
tropical zone studies (Mathies, 2011). In particular, 
researchers in the South American tropics of Brazil and 
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Argentina have expanded our knowledge about the phenology 
and reproductive traits of more than 10 elapid species 
(Almeida-Santos et al., 1998, 2006; Avila et al, 2010; Valdujo 
et al., 2002), 10 viper species (Almeida-Santos et al., 1999, 
2006; Almeida-Santos & Salomao, 2002; Hartmann et al., 
2004; Janeiro-Cinquini, 2004; Leão et al., 2014; Marques et 
al., 2013; Monteiro et al., 2006; Nogueira et al., 2003), nine 
boine species (Bretona & Chiaraviglio, 2003; Chiaraviglio, 
2006; Miranda et al., 2017; Pizzatto, 2005; Pizzatto & 
Marques, 2007; Rivas et al., 2007), and 26 colubrid species 
(Alencar et al., 2012; Avila et al., 2006; Balestrin & Di- 
Bernardo, 2005; Bizerra et al., 2005; Braz et al., 2014; da 
Costa-Prudente et al., 2014; Dos Santos-Acosta et al., 2006; 
Gaiarsa et al., 2013; Goldberg, 2004b, 2006 Gomes & 
Marques, 2012; Gualdrén-Duran et al., 2019; Hartmann et al., 
2002; Leite et al., 2009; López & Giraudo, 2008; Marques, 
1996; Marques et al., 2009; Marques & Puorto, 1998; Pizzatto 
et al., 2008; Pizzatto & Marques, 2002; Scartozzoni et al., 
2009; Silva & Vadez, 1989; Vitt, 1996). 

The above contributions have shown that the reproductive 
biology of tropical snakes diverges from the uniformly 
seasonal and highly synchronous patterns seen in species 
from temperate zones. Tropical snakes exhibit both seasonal 
and aseasonal reproductive cycles. However, aseasonal 
reproduction is not the rule in the tropics, in fact, truly 
aseasonal (continuous) reproduction by tropical females is 
rare (Brown & Shine, 2006b; Saint Girons & Pfeffer, 1972; 
Shine, 2003). Tropical snake reproduction includes multiple 
phenologies and high variability among populations, as well as 
within individuals of the same population (Mathies, 2011; 
Pizzatto et al., 2008). Most species also have broad seasonal 
reproductive schedules and exhibit intersexual divergence in 
reproductive cycles (e.g., Naja, Bungarus, Calliophis, Pizzatto 
et al., 2008; Saint Girons & Pfeffer, 1972). 

Despite the enormous efforts to understand the reproductive 
biology of snakes, fewer studies have been conducted on 
tropical fossorial and semifossorial snakes than on terrestrial 
and arboreal snakes (Braz et al., 2014). This is due to the 
cryptic behavior, secretive microhabitats, and lower encounter 
rates of fossorial and semifossorial snakes, which makes them 
an elusive research object. Therefore, their natural history and 
ecology remain poorly understood, which limits our 
assessment of their reproductive seasonality, energy 
acquisition timescale, reproductive expenditure, and sexual 
maturation age or size. In Colombia, the semifossorial snake 
Atractus marthae (Meneses-Pelayo & Passos, 2019) has been 
the only snake species with a detailed reproductive study. 
Atractus marthae populations inhabit the cloud forests (>2 400 
m a.s.l.) of the northeastern Andes of Colombia, with females 
reported to have an asynchronous reproductive stage, 
aseasonal and discontinuous reproductive cycle, and single 
clutch per year, whereas males present spermatozoa in testes 
and ducts, as well as hypertrophied of the sexual segment of 
male kidney (SSK) throughout the year (Guladrén-Duran et 
al., 2019). However, given the dearth of reproductive 
information among Colombian snakes, comparison between 
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the reproductive ecology of snakes from highlands and 
lowlands is difficult, limiting our understanding of the general 
reproductive patterns of snakes in the tropical Andes. 

Ninia atrata (Hallowell, 1845) is a semifossorial tropical 
snake widely distributed in South America. It ranges from 
Western Panama, Colombia, Ecuador, Venezuela to Trinidad 
and Tobago (Angarita-Sierra, 2009, 2014, 2015; Ingrasci, 
2011; McCranie & Wilson, 1995; Medina-Rangel, 2015; Mesa- 
Joya, 2015; Rivas et al., 2012). Despite its broad distribution 
and high abundance in disturbed or transformed habitats, its 
reproductive biology has been largely ignored (Angarita- 
Sierra, 2015; Lynch, 2015). Currently, details on clutch size 
and birth-size in northern South American populations have 
only been reported as anecdotal observations (Lancini, 1979; 
Natera-Mumaw et al., 2015; Roze, 1966). Silva & Valdez 
(1989) reported a hatchling period from June to September in 
populations located on the northern hills of Caracas, 
Venezuela. 

Herein, we explored the reproductive biology of N. atrata in 
order to improve our understanding of the reproductive 
features of semifossorial tropical snakes. Our study consisted 
of three main goals: (1) To provide a detailed description of 
female and male annual reproductive cycles, minimum size at 
sexual maturity, mating frequency, recruitment, clutch size, 
and egg features. (2) To analyze the relationship between 
reproductive traits of N. atrata, prey abundance, and food 
intake, as well as variability during extreme El Nifo-Southern 
Oscillation (ENSO) climatic events. (3) To explore the main 
drivers of reproductive output of the population under study. 


MATERIALS AND METHODS 


Study area and climate variability 

We studied N. atrata snakes inhabiting the oil palm plantation 
(Elaeis guineensis Jacq. 1897) of Palmasol S. A., located at 
Vereda La Castafieda, the municipality of San Martin, 
Department of Meta, Colombia (N3° 31', W73° 32'; Figure 1). 
This locality has a monomodal climate (rainy season from 
April to November and dry season from December to March) 
with an annual rainfall of the 3 070 mm and high temperatures 
year-round (>26 °C). According to the Colombian Institute of 
Hydrology, Meteorology, and Environmental Studies (IDEAM 
Spanish acronym), the El Niño ENSO recorded between 2016 
and 2017 was the strongest of the last 20 years (IDEAM, 
2016). Therefore, climatic variability was categorized as good 
and bad climatic years, where good years represent the 
sampling period from August 2014 to December 2015 without 
ENSO effects, and bad years represent the sampling period 
from January 2016 to April 2017 under ENSO effects. 

We monitored the temperature and relative humidity of 
microhabitats using four thermo-hygrometers (EBI20-TH1 
Ebro®). These devices were placed over three consecutive 
days per sampling visit, with three at the base of different piles 
of palm leaves and one at the base of an epiphytic cushion. 
These sites were randomly selected. A fifth thermo- 
hygrometer was placed at a height of 1.5 m on a randomly 
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Figure 1 Study area 
Oil palm plantation (Elaeis guineensis Jacq. 1897) of Palmasol S. A. 
Sampling batches 8, 9, 13, and 15 are in red 


selected palm tree trunk. We configured the thermo- 
hygrometers to record temperature and relative humidity 
readings on a per minute basis, resulting in a total of 138 240 
measurements and 2 304h of sampling effort per thermo- 
hygrometer. 


Sampling and data collection 

Data were obtained during four plantation production batches 
(8, 9, 13, 15; Figure 1), in which piles of oil palm leaves are 
stacked following pruning. We sampled from August 2014 to 
June 2017, spending three days per sampling visit (n=32). No 
sampling was conducted in September 2014 or May 2015 due 
to logistic constraints. 

Snake searching was conducted in a total of 4 563 palm leaf 
piles (microhabitat 1) and 304 epiphytic cushions attached to 
the base of palm trees (microhabitat 2) from 0730 h to 1730 h, 
totaling 1189h of sampling effort per researcher. Palm leaf 
piles and epiphytic cushions were searched by raking to a 
depth of 5-15cm over a 3-5 min period, with all hand- 
captured prey items (e.g., snails, earthworms, slugs, and 
leeches) and snakes recorded. We used the height (cm) of the 
palm leaf piles and epiphytic cushions as surrogate estimators 
of microhabitat quality. This is because greater habitat height 
likely provided better refuge for the snakes due to lower 
microclimate variability, larger number of prey, and greater 
security against predators (Angarita-Sierra, 2015; Angarita- 
Sierra & Lozano-Daza, 2019; Lynch, 2015; Weatherhead & 
Madsen, 2006). 

All caught snakes were measured (snout-vent length (SVL); 
tail length (TL)) using a measuring tape (+0.1 cm) and 
weighed (Mass) using a Pesola® dynamometer of 50 g (+0.1 


g). We calculated the sexual size dimorphism index (SSD) 
following Gibbons & Lovich (1990) and determined the ratio 
between the SVL of the larger and smaller sex. The ratio is 
defined as positive when females are larger and negative 
when males are larger (with SSD=1.0 when SVL is equal 
between the two sexes). We recorded snake health 
(presence/ absence of tick, mycoses, or injuries) by external 
examination, as well as sex, umbilicus scars, and secondary 
sexual traits in males (development degree of chin tubercles). 
We also recorded the presence of food and reproductive 
condition by palpation and by contrast light on the snake body 
from the dorsal to ventral surface. 

Snakes captured in batch 13 (n=275) were used in the 
mark-recapture experiments to test whether females could 
produce more than one clutch during the same reproductive 
season. Thus, these snakes were branded on their ventral 
scales following the procedures described by Dorcas & 
Willson (2009) using an Aaron Medical Change-A-Tip cautery 
unit Bovie® (Winne et al., 2006). We determined the sex of 
the branded snakes by inserting a blunt probe through the 
cloaca orifice following procedures described by Blanchard & 
Finster (1933). Afterward, all branded individuals were 
released at the same place in which they were captured. 

We transported gravid females and eggs found in the field 
to the lab in individual terraria. The females were provided 
with food and water ad libitum. The captive environment was 
maintained to resemble the conditions of the oil palm 
plantation (photoperiod regime: 12 h light/12 h darkness; 
temperature: 26.21+40.61 °C and 65.64+3.52 h). Once females 
laid their eggs, we collected, measured, inspected, and 
monitored their temperature throughout incubation 
(26.21+0.61 °C; 65.64+3.52 h) using an infrared thermometer 
(CGHM-H13). Finally, when hatchlings were born, we 
measured, individually marked, and released them with their 
mothers at the place where she was captured. 


Reproductive data acquisition 
In total, 150 snakes from batches 8, 9, and 15 were 
euthanized with an injection of lidocaine 2% (C14H22N20) in 
the heart, then fixed with 10% formalin, and preserved in 70% 
ethanol. All specimens were deposited in the reptile collection 
of the Instituto de Ciencias Naturales (ICN) of the Universidad 
Nacional de Colombia. We determined sex of the collected 
snakes by abdominal dissection and direct gonad observation. 

Afterward, the reproductive tracts were fixed in 10% 
buffered formalin and then used to make histological slides 
following Luna (1968) to determine reproductive stage, as well 
as spermatogenesis and oogenesis cycles. We registered 
microscopic reproductive traits following the procedures 
described by Krohmer et al., (2004), Balestrin & Di-Bernardo 
(2005), and Ramos-Pallares et al. (2015). Sperm abundance 
and time of spermatogenesis were based on counts (three 
replicates) in cross-sections of seminiferous tubules chosen at 
random using a light microscope under 40x magnification 
(Fox, 1952). 

Based on digital pictures and ImageJ v1.52 software 
(Schneider et al., 2012), we obtained the following 
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macroscopic reproductive variables from sacrificed male and 
female snakes: size of hypertrophy SSK, testicular volume 
(mmĉ), width of distal end of deferent duct (mm), oviductal 
width (mm), number and diameter of previtellogenic and 
vitellogenic follicles (mm), and width and length of oviductal 
eggs (mm). 

We considered sexually mature males as the smallest (SVL) 
male having spermatozoa in their testes, and sexually mature 
females as the smallest female with vitellogenic follicles or 
oviductal eggs. We calculated relative fecundity (RF) and 
relative clutch mass (RCM) following Iverson (1987) and 
Seigel & Fitch (1984), respectively. We classified female 
reproductive condition as previtellogenic (only translucent tiny 
follicles), vitellogenic (yellowish yolky follicles), ovigerous (with 
oviductal eggs), or vitellogenic and ovigerous (with vitellogenic 
follicles and oviductal eggs simultaneously). We employed 
histological cuts to evaluate and validate the macroscopic 
state of the follicles, which allowed us to allocate an unbiased 
reproductive state for both males and females. Finally, we 
used the presence or absence of sperm in the oviducts and 
infundibulum as a surrogate estimator of mating season. 


Statistical analysis 

We assessed differences in the sex ratio among mature males 
and females each month using the G-test and Chi-square (7) 
test. We compared size at sexual maturity between males and 
females using t-test and assessed the assumptions of 
normality and homoscedasticity based on Kolmogorov- 
Smirnov and Levene tests, respectively (Guisande-Gonzales 
et al., 2014). We evaluated monthly intersexual variations 
(synchrony) in female and male reproductive stages, as well 
as time variation (seasonality) using the x? test and G-test. 
Likewise, we employed one-way analysis of variance 
(ANOVA) to compare the oviduct distal width between female 
reproductive stages. 

Based on multiple regression analyses of 150 collected 
snakes (females=79, males=71), we explored the main drivers 
of reproductive output of the N. atrata population under study. 
We first considered the following variables: SVL (Var 1), body 
mass (Var 2), primary follicle number (Var 3), secondary 
follicle number (Var 4), fat body area (Var 5), stomach volume 
(Var 6), height of piles of palm leaves (Var 9), testicular 
volume (Var 10), SSK width (Var 11), and width of distal end 
of deferent duct (Var 12). We then measured stomach bolus 
and fat bodies through digital pictures with ImageJ v1.52 
(Schneider et al., 2012). We calculated fat body area (mm?) as 
the sum of each small fat body area attached to the digestive 
and reproductive tract of each individual. We estimated testes 
and stomach bolus volume employing the ellipsoid formula 


(equation 1): 
3, jwi\2/1 
veg) (5) mn 


where, V=testes volume estimated or stomach bolus, w=width, 
and /=length. 
We next used clutch size and sperm count as dependent 


160 www.zoores.ac.cn 


variables, with all remaining variables considered 
independent. Both dependent and independent variables were 
square roottransformed using the Tukey's staircase 
transformation method described by Erickson & Nosanchuk 
(1977). 

We evaluated assumptions of normality, autocorrelation, 
and homoscedasticity using the Kolmogorov-Smirnov test, 
Durbin-Watson test, and Breusch-Pagan test, respectively. 
We tested multicollinearity between the previously named 
variables using the variance inflation factor (VIF) with a 
threshold of 10. To select the "best" regression model based 
on the variables evaluated, we employed the Akaike 
Information Criterion (AIC; Akaike, 1973). 

We analyzed recruitment variability during ENSO events, 
employing neonatal abundance as the dependent variable and 
height of piles of palm leaves (Var 9) and prey abundance 
observed in microhabitats (snails, slugs, earthworms, leeches; 
Angarita-Sierra) & Lozano-Daza, 2019) as independent 
variables. 

Finally, to estimate the contribution of all independent 
variables to the regression models, we employed a 
hierarchical partitioning method (Chevan & Sutherland, 1991). 
All statistical analyses were performed using Rwizard 3.0 
(Guisande-Gonzales et al., 2014) and the following R 
packages: StatR (Guisande-Gonzales et al., 2014), hier. part 
(Walsh & MacNally, 2015), nortest (Gross, 2015), Imtest 
(Hothorn et al., 2017), and usdm (Naimi, 2015). 


RESULTS 


From all batches sampled, we caught a total of 425 specimens 
of N. atrata (males=209, females=216), with an SSD index of 
0.16. The sex ratio showed no significant differences between 
months (x?=15.89, P=0.145, n=425), climate season (y7=2.30, 
P=0.1286, n=425), or batches sampled (x7=0.93, P=0.61, 
n=425). In contrast, significant differences in snake 
abundance were observed between good and bad years 
(x2=176.15, P<0.0001, n=425; Figure 2). Health condition was 
recorded as a potential variable affecting reproductive output. 
However, through the whole sampling period, only 11 
specimens (2.6%) suffered poor condition (ticks n=1; mycoses 
n=8; injury=2). Therefore, these variables were excluded from 
analyses and we considered the N. atrata population under 
study to be healthy. 


Female reproductive cycle and activity 

According to the macroscopic reproductive traits observed in 
79 N. atrata females, the smallest female with vitellogenic 
follicles, indicating sexual maturity, was 270 mm SVL. All 
females larger than 270 mm SVL (48%) were in some stage of 
reproduction (Table 1). Females were asynchronous in 
reproductive stage between months or climate years (X? 
months=27.374, P=0.44; x? climate years=3.05, P=0.38). All 
reproductive stages were observed throughout the year. 
Oviduct width exhibited significant differences among female 
reproductive stages (ANOVA F=13.7, P<0.000 1), with the 
oviduct being less wide in previtellogenic females than the 
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Table 1 Mean values of female reproductive features 
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Figure 2 Abundance and population sex ratio of Ninia atrata through sampling period (2014-2017) 





emae Oviduct length No. primary No. seconda 
reproductive SVL (mm) Mass (g) g Sperm in oviduct Uterine scar : p y ; y No. eggs 
stage (mm) follicles follicles 
205.05 4.94 4.00 Present (40%) Present (15%) 5.71 
Previtellogenic (120-246) (1.08-9.42) (0.91-9.75) Absent (60%) Absent (85%) (1-10) Absent Absent 
n=38 n=34 n=38 n=43 n=38 n=38 
313.57 12.01 9.19 Present (87.5%) Present (20%) 7.21 2.36 
Vitellogenic (270-353) (8.33-17.09) (2.59-16.85) Absent (12.5%) Absent (80%) (3-10) (1-5) Absent 
n=14 n=14 n=14 n=16 n=10 n=14 n=10 
335.08 15.88 9.06 Present (83.3%) Present (100%) 8.66 3.25 
Ovigerous (278-370)  (13.33-19.8) (4.10-13.49) Absent (16.7%) n=12 i (5-13) Absent (2-4) 
n=12 n=11 n=12 n=12 n=12 n=12 
r : 315.68 15.02 10.13 5 6 10 1.8 2.8 
Vitellogenic (320-370) (12.35-19.1) (5.19-14.4) Present (100%) Present (100%) (7-14) (1-3) (2-4) 
and ovigerous n=7 n=5 
n=5 n=5 n=5 n=5 n=5 n=5 
remaining reproductive stages. However, differences in April to November (rainy season), with abundance and size 


oviduct width among females at ovigerous, vitellogenic, and 
vitellogenic-ovigerous stages were not significant (ANOVA F= 
0.14, P=0.86). Thus, an oviduct width larger than 6.14+3.85 
mm indicated sexual maturity. Nonetheless, a high degree of 
oviduct width overlap was observed among female 
reproductive stages, suggesting that this macroscopic 
character is not an accurate predictor of sexual maturity 
(Figure 3). 

In the 79 adult females examined, primary follicles were 
present throughout the year. However, in mid-June, most 
follicles began to enlarge, reaching a maximum in November 
to January until the beginning of the dry season (Figure 4A). 
Likewise, the greatest abundance of primary follicles was 
observed in January to March and September to November. 
Consequently, secondary follicles were only observed from 


increasing gradually, reaching the greatest size in the October 
to November period (Figure 4B). 

We observed mating signals at all female reproductive 
stages. However, the number of immature females exhibiting 
mating signals was significantly lower than that of mature 
females (y?=20.14, P<0.001, n=79). As expected, the 
frequency of uterine scars was significantly higher in females 
at ovigerous and vitellogenic stages (x?=44.32, P<0.001, 
n=79). Notwithstanding, uterine scars also were observed in 
six previtellogenic females, four of which had sperm inside the 
infundibulum and two of which had sperm inside the oviduct. 
Mature females had sperm inside their infundibulum or oviduct 
almost the entire year (except December), indicating that 
copulation is continuous even for females not ready to mate. 
We observed eggs throughout the year, though the greatest 
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Figure 3 Variation in oviduct width 


Oviduct length (mm) 








10 | | 
= i ES 
g i 
=) = 
— o 
OH a | — 
~ di ' i 
> <4 i 
E 
o 1 l | 1 
Previtellogenic Ovigerous Vitellogenic — Vitallogenic and ovigerous 
Reproductive stage 
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differences between female reproductive stages 


abundance was recorded in September to December 
(Figure 4C). Based on the incubation of three clutches 
oviposited by three gravid females, the estimated birth-time 
was 10841.41 d/egg. Clutch size ranged from 1—4 eggs 
(2.44+1.02, n=34). We recaptured two female snakes who 
produced eggs twice in the same reproductive season (first 
capture in July and recapture in November). Also, during the 
dissection of snakes collected in August to November from 
batches 8 and 9, we recorded five females with vitellogenic 
follicles and oviductal eggs simultaneously, indicating that 
females could produce more than one clutch per reproductive 
season. 

Neonates were also observed throughout most of the year 
(except July), with three abundance peaks during the 
recruitment season. The greatest recruitment peak occurred 
during the early dry season (January-February). A second 
moderate recruitment peak was observed in September, and a 
third pronounced recruitment peak occurred at the end of the 
rainy season (November). The greatest dearth occurred 
during the first half of the rainy season (June—July; Figure 4D). 
Based on the birth of eight neonates, birth-size was estimated 
to be 114.63+10.69 mm SVL and 1.91+0.74 g of body mass. 
Likewise, RCM and RF were highly variable and ranged from 
4.32% to 8.54% (7.2141.14%, n=16) and 2.72% to 12.74% 
(7.2843.01%, n=34), respectively. 

We observed a remarkable decrease in neonates between 
good and bad climate years. Based on the presence or 
absence of the ENSO, the number of neonates declined 
significantly, from 57 in good years to four in bad years 
(10.557, P=0.001, n=61). Despite this, we observed a clear 
synchronization between recruitment peaks and prey 
abundance in years without ENSO effects. Increased snail 
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and slug abundance coincided with increased neonate 
abundance over the same time period (Figure 5). This 
relationship was confirmed by multiple regression analysis, 
with neonate abundance being strongly correlated with slug 
and snail abundance, but not with other prey (R?=0.46, P= 
0.032; Figure 6). Nonetheless, when the height of piles of 
palm leaves was included in the analysis, it provided a better 
model, explaining 55.29% (P=0.011) of the neonate 
abundance variability observed (Table 2). 


Male reproductive activity 

Ninia atrata males exhibited early sexual activity. The smallest 
male with sperm in their testes, indicating sexual maturity, was 
145 mm SVL, and the largest male without sperm was 212 
mm SVL. These males represent the extreme body-size limits 
of sexual maturity. However, 98.60% (n=71) of males larger 
than 187 mm SVL had sperm in their testes and deferent duct. 
The smallest male with metamorphosing spermatocytes was 
137 mm SVL. 

Based on macroscopic examination of the male gonads, 
testes showed noticeable size variation throughout the year. 
Testicular size gradually changed, decreasing from February 
to August and increasing from August to November. Maximum 
volume was attained in April (beginning of rainy season) and 
October-November (end of rainy season) and was 136.4% 
greater than the minimum testicular volume observed in 
August (mid rainy season; Figure 7A). Despite a lack of 
mature male samples in December, January, and March, our 
data suggests that testicular volume declines at the beginning 
of the dry season but increases mid-way through. 

Likewise, macroscopic sexual features such as SSK and 
distal end of deferent duct exhibited a similar monthly 
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Figure 4 Monthly variability of female reproductive traits and neonates 
Black dots represent means, black bars represent standard deviation. A: Absolute values of primary follicles. B: Absolute values of secondary 
follicles. C: Absolute values of eggs found during sampling period and in dissected reproductive tracts. D: Absolute values of neonates during 


sampling period 


variability pattern as observed for testicular volume 
(Figure 7C—D). Indeed, monthly variability of these traits was 
closely related to testis size (Rss? =0.68, P<0.000 1, n=71; 
Réeferent duct = 0.45, P<0.000 1, n=71). In contrast, sperm 
production was not correlated with monthly variability in 
macroscopic male sexual features (Rssk? =0.031, P=0.15, 
n=69; Rrestis volume =0.028, P=0.18, n=71; Rgeferent duct’ =0.033, 
P=0.14, n=71), indicating that testicular volume, SSK 
hypertrophy, and deferent duct width are not concordant with 
spermatogenic activity. Sperm production was present for 


most of the year, including the dry and rainy seasons. 
Specifically, production increased gradually from April to 
November and reached a maximum in July-August (mid rainy 
season) without significant decline once production began 
(Figure 7B). 

Conversely, significant differences in the size of males with 
either weak or prominent chin tubercles were found (ANOVA 
F=37.28, P<0.000 1, n=71). The weak condition was generally 
associated with males within the SVL range of 135-241 mm 
(168.16+2.02, n=12), although two larger males (SVL=276 
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Figure 5 Temporal prey abundance variation and neonates of 
Ninia atrata during years without ENSO effects (2014-2015) 

Scale of Y-axis represents abundance values. Shaded area represents 
95% confidence intervals. Zigzag lines represent abundance values at 
each sampling period 


and 280) exhibited this condition even though they had 
reached the minimum size of sexual maturity. In contrast, the 
prominent condition was generally associated with males 
within the SVL range of 183-354 mm, in accordance with the 
results that 98.60% (n=71) of males of this size have sperm in 
their testes and deferent duct. Despite this, three smaller- 
sized males (SVL=146, 154, and 175) also had prominent chin 
tubercles. In fact, the SVL ranges of chin tubercle condition 
showed a high degree of overlap (46.53%), indicating that this 
secondary sexual character may not be an accurate predictor 
of male reproductive stage. 


Reproductive cycles and mating 
We found notable differences in the reproductive cycles 
between the sexes. First, males showed a continuous cyclical 
pattern, in which spermatogenesis, gonads, and SSK were 
active throughout the year. Although they did show reduced 
activity during the dry and mid rainy seasons, they never 
displayed total regression or quiescence. In contrast, females 
showed a cyclical pattern in which oogenesis, gonads, and 
accessory organs become inactive or absent during the dry 
season. Second, size at sexual maturity was significantly 
different between the sexes (9.54, P<0.000 1, n=150), with 
males and females attaining sexual maturity at 56% and 86% 
of mean adult SVL, respectively. Finally, higher sperm and 
vitellogenic follicle production were not synchronized. While 
maximum sperm abundance occurred from July to August 
(mid rainy season), maximum vitellogenic follicle abundance 
occurred from October to November (end of rainy season). 
Despite the divergence in reproductive cycles between 
sexes, sperm production and follicle maturation patterns 
indicated that the reproductive cycle was seasonal at the 
population level. Both sexes presented a synchronized 
increase in reproductive output through the rainy season, with 
highest abundance from June to November. Even though no 
mating behaviors were observed among individuals of N. 
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Figure 6 Multiple regression models related to neonate and prey 
abundances 

Plots depicting linear regressions between neonate abundance (A) 
and prey abundance (B) Relative contributions of variables. Ln 
Neonates: — Logarithm-transformed abundance. Ln 
Earthworms: Logarithm-transformed earthworm abundance Ln Snails: 
Logarithm-transformed snail abundance. Ln Slugs: Logarithm- 
transformed slug abundance 


neonate 


atrata, the high frequencies of oviductal sperm, as well as 
sperm production and follicle maturation, suggest two main 
mating pulses, one at the beginning of the rainy season (April) 
and one at the end of the rainy season (October-November). 
However, mating signals were present all year, including the 
dry season (Figure 8). 

The seasonal reproductive cycle of N. atrata was closely 
correlated with the strong climate seasonality of the study 
area, as well as prey and hatchling abundance. For instance, 
the greatest recruitment peak occurred in the mid dry season, 
which coincided with the increase in snail abundance and 
greatest production of primary follicles, whereas the greatest 
recruitment dearth was observed in the mid rainy season, 
which coincided with the decline in snail abundance and 
maximum sperm production (Figures 7—8). 


Main drivers of reproductive output in Ninia atrata 

The main drivers of reproductive output in N. atrata diverged 
between the sexes. In females, multiple regression analysis 
indicated that clutch size was strongly correlated with almost 
all reproductive traits evaluated (Table 2). However, among 


Table 2 Multiple regression analysis models 


Nor. test P Hom.testP Aut. test P 
































Model R? AIC dAIC df 
value value value 

Clutch size versus female reproductive drivers 
Clutch size vs. Var2+Var3+Var4 -90.62 0.0 1 
Clutch size vs. Var2+Var3+Var4+Var5+Var6 -89.16 —1.46 1 
Clutch size vs. Var1+Var2+Var3+Var4+Var5+Var6 0-70 -87.28 2.98 1 0.07 0.35 0.63 
Clutch size vs. 
Var1+Var2+Var3+Var4+Var5+Var6+Var9 Tees soe 1 
Secondary follicles versus female reproductive drivers 
Secondary follicles vs. Var2+Var5+Var6 11.18 0.0 1 
Secondary follicles vs. Var2+Var5+Var6+Var9 11.69 0.51 1 

, 0.42 0.17 0.36 0.87 
Secondary follicles vs. Var2+Var3+Var5+Var6+Var9 13.24 2.06 1 
Secondary follicles vs. Var1+Var2+Var3+Var5+Var6 15.21 4.03 1 
Sperm count versus male reproductive traits and environmental variables 
Sperm count vs. Var2+Var6+Var9 -166.21 0.0 1 
Sperm count vs. Var1+Var2+Var6+Var9 —165.20 —1.01 1 
Sperm count vs. Var1+Var2+Var6+Var9+Var10 9:198 -163.32 -2.89 1 ome 9:33 ve 
Sperm count vs. Var1+Var2+Var6+Var9+Var10+Var11 -161.38 -4.83 1 
Neonates versus prey abundances 
Neonates vs. Slugs+Snails —9.06 0.0 1 
Neonates vs. Slugs+Snails+Leeches 0.46 -7.60 1.46 1 0.34 0.50 0.46 
Neonates vs. Slugs+Snails+Leeches+Earthworms -6.41 2.65 1 
Neonates versus prey abundances and height of piles of palm leaves 
Neonates vs. Var9+Snails -11.59 0.0 1 
Neonates vs. Var9+Snails+ Slugs -11.49 —0.10 1 
Neonates vs. Var9+Snails+ Slugs+Leeches 0.55 —10.55 —1.04 1 0.83 0.43 0.92 
Neonates vs. Var9+Snails+ -8.65 -2.94 


Slugs+Leeches+Earthworms 

AIC: Akaike information criterion, employed to select“best model’, was used to test whether environmental factors rather than intrinsic reproductive 
traits are main drivers of reproductive output. Var1: Snout-vent length, Var2: Body mass, Var3: Primary follicles number, Var4: Secondary follicles 
number, Var5: Fat body area, and Var6: Stomach bolus volume, Var9: Height of piles of palm leaves, Var10: Testicular volume, Var11: Width of 


sexual segment of kidney, and Var12: Distal width of deferent duct. 


R?: Proportion of variance for reproductive output explained by 


microenvironment or reproductive intrinsic trait variables. Nor. test: Kolmogorov-Smirnov test for normality; Hom. test: Breusch -Pagan test for 


homoscedasticity; Aut. test: Durbin-Watson test for autocorrelation. 


these variables, the "best model" was comprised of the 
number of primary and secondary follicles and body mass, 
which explained 70.63% (P<0.000 1) of clutch size variability. 
Given the importance of secondary follicles in clutch size, a 
second multiple regression analysis was carried out exploring 
the relationships among secondary follicles, maternal traits, 
and height of piles of palm leaves (Figure 9). As a result, 
secondary follicle variability was highly correlated with 
stomach bolus volume, fat body area, and body mass. These 
variables composed the "best model" and explained 44% (P= 
0.003) of secondary follicle variability. Similarly, female SVL, 
but not the remaining variables, was significantly related to 
egg mass (F=7.64, P=0.014, n=17), indicating that larger 
females produced heavier eggs. 

In males, body mass, height of piles of palm leaves, and 
stomach volume, rather than intrinsic reproductive traits, 
showed the greatest contribution to sperm production (R?= 
0.198, P<0.001; Table 2). This result agrees with the 
discordance observed between sperm production and monthly 


variation in testicular volume and size of SSK (Figure 10). 


DISCUSSION 


In general, the reproductive ecology of N. atrata followed 
typical patterns reported in tropical snakes. First, early male 
maturation at a smaller size than females agrees with the 
common pattern among oviparous, small or median sized 
dipsadid species (Dos Santos-Acosta et al., 2006; Parker & 
Plummer, 1987; Pizzatto et al., 2008). Indeed, Goldberg 
(2004a) reported a similar maturation size for N. maculata 
(Peters, 1861) in which the smallest spermiogenic male was 
179 mm SVL and the smallest vitellogenic female was 190 
mm SVL. 

Second, the reproductive cycles of both males and females 
were asynchronous, whereas the reproductive cycle at the 
population level was seasonal semi-synchronous, which 
agrees with the patterns observed in several tropical snakes 
with diverse phylogenetic histories, such as Atractus marthae 
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Figure 7 Monthly variability of male reproductive traits 
Black dots represent means, black bars represent standard deviation. A: Absolute values of testis volume. B: Average values of sperm count per 
individual. C: Width of sexual segment of male kidney. D: Width of distal end of deferent duct 
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Figure 8 Oogenesis and spermatogenesis cycles in Ninia atrata 
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Figure 9 Multiple regression models related to clutch size and secondary follicles with environmental variables and intrinsic 


reproductive traits 


A, B: Plots depicting linear regressions between clutch size and secondary follicles with variables, respectively. C, D: Relative contributions of 
variables composing“best regression model”for clutch size and secondary follicles, respectively. Var2: Body mass; Var3: Primary follicles number; 
Var4: Secondary follicles number; Var5: Fat body area; Var6: Stomach bolus volume 


(Meneses-Pelayo & Passos, 2019), Sibynomorphus spp., 
(Schlegel, 1837), Atractus reticulatus (Boulenger, 1885), 
Drymobius margaritiferus (Schlegel, 1837), Dipsas albifrons 
(Sauvage, 1884), Mastigodryas melanolomus (Cope, 1868), 
Micrurus lemniscatus (Linnaeus, 1758), and others (Goldberg, 
2006; Marques et al., 2013; Pizzatto et al., 2008). 

Third, the presence of several vitellogenic-ovigerous 
females during the reproductive season, constant recruitment 
of neonates year-round, frequent mating evidence all year 
independent of season, and presence of previtellogenic 
females with sperm in their oviduct or infundibulum agrees 
with the patterns reported for numerous tropical snakes, such 
as Erythrolamprus aesculapii (Linnaeus, 1758), Erithrolamprus 
bizona (Jan, 1863), Mastigodryas bifossatus (Raddi, 1820), 
Tropidonophis mairii (Grey, 1841), and others, in which 
multiple clutches, high mating frequency, and continuous 
sperm production characterize their reproductive phenology 
(Brown & Shine, 2006a; Goldberg, 2004b, 2006 Marques, 
1996). This suggests that immature females are willing or are 
forced by males to mate. 

In contrast, the body size-fecundity relationship observed in 
N. atrata moves away from the expected correlation between 
SVL and reproductive output in tropical snakes (Miranda et al., 


2017; Shine & Madsen, 1997). In N. atrata, SVL was shown to 
be a poor morphological predictor of fecundity. In particular, 
SVL was only significantly correlated with egg mass, 
presumably reflecting physical constraints on clutch volume 
(Shine, 1991). In contrast, body mass was shown to be a 
better morphological predictor for both sexes, as this trait was 
persistently selected in all regression models assessed. Male 
body mass had the strongest contribution (>50%) to sperm 
production. Similarly, female body mass in all regression 
models evaluated explained 20% of the reproductive output 
and occupied the second or third place of importance, after 
traits such as secondary follicle number, stomach bolus 
volume, or fat body area. Nonetheless, sperm production was 
poorly explained by the variables assessed (R7=19.88%). 
Thus, future studies should clarify which microenvironment 
variables or intrinsic reproductive traits can determine the 
reproductive output observed in N. atrata males. 

Food intake and prey abundance were crucial variables 
contributing to reproductive output in N. atrata. The high 
association of vitellogenic or ovigerous females with stomach 
content, as well as the great importance of stomach bolus 
volume as an explanatory variable of secondary follicle 
variability and sperm production, rather than fat bodies or 
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Figure 10 Multiple regression models related to sperm 
production with environmental variables and intrinsic 


reproductive traits 

A: Plots depicting linear regression models between sperm count with 
variables. B: Relative contributions of variables composing “best 
regression model”for sperm count. Var2: Body mass; Var6: Stomach 
bolus volume; Var9: Height of piles of palm leaves 


SVL, indicated a strong link between N. atrata reproductive 
output and food intake. In addition, the strong link observed 
between recruitment peaks and prey abundance is in 
agreement with the results of Shine (2003), who argued that 
even in the tropics, seasonal reproductive cycles would be 
favored because they reflect the variability of operative 
environmental factors, as well as the temporal shifts in 
reproductive trade-offs. 

Similarly, the remarkable decrease in neonates and 
significant differences in snake abundance during ENSO 
events emphasized the high sensitivity of N. atrata to extreme 
climate changes. The variabilities of operative environmental 
factors such as height of palm leaf piles and prey availability 
(mainly snail abundance) were demonstrated to be the main 
drivers of N. atrata abundance variability (Angarita-Sierra & 
Lozano-Daza, 2019). 

The above evidence suggests that N. atrata populations 
follow an income breeding strategy (Jönsson, 1997) in order to 
compensate for the demands of reproduction and to maximize 
fitness. This result agrees with the observed feeding patterns, 
i.e., largest females had significantly higher stomach bolus 
volumes than the largest males, intersexual dietary 
divergence, and notable disparity in food intake between the 
sexes (Angarita-Sierra & Lozano-Daza, 2019). Moreover, 
unlike tropical snakes that exhibit a seasonal shift in their 
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reproductive strategies (from capital breeding to income 
breeding or vice versa, e. g., Tropidonophis mairii (Brown & 
Shine, 2006a)), N. atrata maintained the same reproductive 
strategy, despite the extreme climatic variability due to ENSO. 

Income breeders are rare among ectotherms because of the 
high energetic costs associated with the muscle and organ 
maintenance needed to sustain their highly active mode of 
feeding (Bonnet et al., 1998). However, the N. atrata 
population in the oil palm plantation had a huge amount of 
prey available year-round, allowing them to reduce their 
energetic costs of acquisition without exceeding the energetic 
costs that would have to be expended in reproduction or other 
activities (Angarita-Sierra & Lozano-Daza, 2019). Hence, the 
income breeding strategy observed in this population could be 
strongly influenced by habitat. However, more empirical data 
are needed to elucidate whether reproductive strategy 
switches with habitat type or is a conservative life-history trait 
of the species. 

Finally, macroscopic reproductive traits were shown to be 
an inaccurate proxy for reproductive activity in both sexes. In 
particular, testicular volume and SSK were not associated with 
sperm production. Likewise, oviduct distal width and presence 
of chin tubercles exhibited wide variance, which made it 
difficult for accurate maturity size determination. The accuracy 
of macroscopic reproductive traits as a proxy for reproductive 
cycle evaluation has been questioned previously (Braz et al., 
2014; Mathies, 2011). In fact, it has been observed that 
histological analysis invalidates macroscopically determined 
maturity in fish, lizards, and fossorial snakes (Boretto & 
Ibarguengoytia, 2006; Braz et al., 2014; Fernandez et al., 
2017; Vitale et al., 2006). Nonetheless, this topic has been 
poorly explored in snake reproductive studies due to the 
historical and widespread use of macroscopic reproductive 
traits in comparisons between different studies (Pizzatto & 
Marques, 2006, 2007). Therefore, for future comparison 
between N. atrata populations or related taxa, we recommend 
employing histological assessment to avoid spurious results 
that could distort the relationships among reproductive cycles, 
environmental factors, and reproductive trade-offs. 
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ABSTRACT 


The European glass lizard, Pseudopus apodus 
(Pallas, 1775), is a large, legless lizard with wide 
distribution across south-eastern Europe and eastern 
and central Asia. To date, morphological 
diversification among populations on a 
geographically small scale has not yet been reported 


in this lizard. Thus, we investigated the 
morphological variations and corresponding 
differences in habitat utilization between two 


populations of P. apodus inhabiting the same 
biogeographical zone within a relatively close 
geographic area. We hypothesized that minor 
differences in habitat could induce a significant level 
of morphological differentiation, thus indicating 
morphological plasticity in this species on a small 
geographical scale. We sampled 164 individuals (92 
from the Croatian mainland and 72 from the island of 
Cres). Results showed that P. apodus indeed 
exhibited morphological differences between 
populations in the same biogeographical zone within 
a relatively close geographic area, with the Cres 
Island individuals being generally larger than the 
individuals from the mainland. Some ecological 
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characteristics were similar in both populations (e.g., 
soil temperature, distance to hiding place), whereas 
others were distinct (e.g., air temperature and 
humidity). In addition, vegetation cover differed 
between the two sites, with more vegetation present 
on the mainland than on the island. Furthermore, the 
Cres Island population showed clear sexual 
dimorphism, which was absent in the mainland 
population. 


Keywords: Mediterranean; Sauria; 


Sexual dimorphism 


Morphology; 


INTRODUCTION 


The European glass lizard or sheltopusik, Pseudopus apodus, 
(Pallas, 1775), is a large legless lizard. With a total length of 
up to 120 cm (Arnold, 2002) and tail length around 150% of its 
body length (Obst, 1981), it is the largest lizard in Europe and 
the only extant species of this genus. It is diurnal, crepuscular, 
and often active after rain (Arnold, 2002). It lives in Asia Minor 
and central Asia and throughout southeastern Europe and the 
Balkans up to the eastern Adriatic coast (Jandzik et al., 2018). 
The existence of two previously recognized subspecies (Obst, 
1978, 1981), i.e., nominal P. apodus apodus from the eastern 
range and P. a. thracius from the western range, was recently 
confirmed by molecular data (Jandzik et al., 2018). However, 
several issues remain regarding the third, southern clade, 
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which, according to molecular analyses, also deserves a 
subspecies status (Jandzik et al., 2018). In addition to 
molecular analysis, morphological variation between the two 
subspecies is evident; however, in some populations, 
morphometric data from the original description of the 
subspecies (Obst, 1978, 1981) have not yet been confirmed 
(e.g., Jordanian population; Rifai et al., 2005). Furthermore, 
despite being relatively common in certain areas, there is a 
paucity of data on its ecology. Sexual dimorphism in this 
species is not very prominent, as is typical for anguids (Çiçek 
et al., 2014; Thomas & Hedges, 1998), although recent 
studies from Kukushkin & Dovgal (2018) found sexual 
dimorphism in a population from the Steppe Crimea. 

Contemporary literature on this species indicates a level of 
morphological variation within the subspecies P. a. thracius 
(Obst, 1981; Rifai et al., 2005), although only between distant 
populations inhabiting different biogeographical zones, and 
accordingly, under the influence of different environmental 
conditions. In this study, we investigated the morphological 
differences between two populations of P. a. thracius in 
relative geographic proximity within the same biogeographical 
zone. One population was from the Croatian mainland and the 
other was from the island of Cres. We chose an island 
population to ensure that the level of migration between 
populations was minimal and that populations were isolated 
from one another. In addition, it is common for isolated 
populations to display some divergence, as recorded in other 
reptile species (e.g., Testudo graeca, Carretero et al., 2005; 
Podarcis siculus, Herrel et al., 2008; Notechis scutatus, 
Aubret, 2015). 

We expect that slight differences in physical and ecological 
conditions between the two sites (such as composition of 
predatory fauna, temperature, and precipitation) may also 
influence species morphology, given that such conditions are 
known to influence the morphology of species that exhibit 
greater phenotypic plasticity (e.g., Podarcis siculus; Herrel et 
al., 2008). We speculate that morphological divergence will be 
found between the studied populations, thereby indicating 
morphological plasticity in P. apodus, even on a small 
geographical scale. 

We anticipated that body size would differ between the 
insular and mainland populations, possibly due to Foster’s rule 
(Foster, 1964). On the one hand, lizards tend to grow larger 
on islands (Owens et al., 2006; Pafilis et al., 2009; Palkovacs, 
2003) due to high intraspecific competition or predation 
relaxation. On the other hand, large-bodied animals may 
adopt smaller body forms when in insular populations in 
response to limited natural resources (Lomolino, 2005). As 
such, the issue of body size on islands remains highly debated 
(Itescu et al., 2018). Habitat usage of P. apodus is very 
diverse and data obtained so far show that usage highly 
depends on population geography and habitat type; 
preferences diverge between dense vegetation in the 
Caucasian regions (Alekperov, 1978), rocky slopes and 
shrubs in Crimea (Shcherbak, 1966), rivers and oases in 
middle Asia (Bogdanov, 1986), to the humid and dense 


vegetation in Bulgaria (Telenchev et al., 2017). Due to the 
similarity of our study sites, we expected to find only small 
differences in habitat usage between the two populations. 


MATERIALS AND METHODS 


Study sites 

We chose sites with similar climatic and vegetation properties, 
yet separated enough that morphological variability could 
manifest. We studied two populations located 200 km apart: a 
Croatian mainland population (Klis, central Dalmatia, Croatia; 
DMS N43°33', E16°31') and an island population (Island of 
Cres, Croatia; DMS N44°41’, E14°24') on the eastern Adriatic 
Coast (Figure 1). Both sites lay within the Eumediterranean 
biogeographical zone, therefore sharing similar vegetation and 
climatic characteristics (Horvatić, 1963). An Eumediterranean 
climate is characterized by hot, dry summers and mild, rainy 
winters. Vegetation on both sites is comprised of 
Mediterranean macchia interspersed with pastures or small 
patches of agricultural land, particularly olive groves. 

Cres Island is the largest Croatian island within the 
Eumediterranean zone of evergreen vegetation, i.e., Quercion 
ilicis alliance (Topić, 2001), with an abundant P. apodus 
population. Due to its size, Cres Island shows variability in 
vegetation communities similar to that observed on the 
mainland (Horvatić, 1963). Klis was chosen as a random site 
within the same zone, where the population of P. apodus is 
large enough for the study (personal observation). 

The mainland study site (Klis) is located a few kilometers 
from the coast on the south-facing slopes at an elevation of 
115-235 m a.s.l. The site is divided into two neighboring 
locations of roughly 200 mx300 m. The island of Cres is 4.2 
km from the mainland, measuring 66 kmx12 km (405.8 km’). 
The Cres study site is situated in the southern part of the 
island on the southern slopes at an elevation of 30-110 m 
a.s.l. It consists of three neighboring locations, two of similar 
size (100 mx200 m) and a third larger one (200 mx300 m). 

Although extremely similar in vegetation and climate, the 
two sites still express differences in faunal composition, 
especially that of predatory species. In Klis, predators like 
wolves (Canis lupus), foxes (Vulpes vulpes), stone marten 
(Martes foina), least weasel (Mustela nivalis), and badgers 
(Meles meles) are common, but are mostly absent from Cres, 
except for the stone marten and least weasel (Sušić & Radek, 
2007). Although both martens and weasels typically feed on 
small mammals (Nowak, 1991), stone martens have been 
recorded preying on P. apodus (Georgiev & Raichev, 2009), 
though this is considered uncommon. In addition, 
dissimilarities in mammalian fauna may influence other 
components of the food chain, thus generating differences 
between locations. On the other hand, a species known to 
prey upon P. apodus, the short-toed eagle (Circaetus gallicus; 
e.g., Bakaloudis et al., 1998), is present at both sites (TutiS et 
al., 2013) and thus should not create different predation 
pressure between sites. 
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Figure 1 Geographical location of mainland (Klis, Croatia) and island (Cres) populations included in study 


Enlarged locations on right are not drawn to scale. 


Data collection 

A pilot study carried out in 2011 at both sites showed that P. 
apodus is most abundant during spring. Consequently, this 
study was performed from mid-April to the end of June over a 
period of two years at both sites (2011, 2014), as well as in 
2012 at the mainland (Klis) site. Each site (mainland and 
island) was checked for the presence of animals over five 
consecutive days. Surveys were conducted all day, from 
sunrise to late dusk. For each animal located, the following 
morphological parameters were recorded using a hand-held 
meter with a precision of 1 mm, rope, pair of calipers with a 
precision of 0.01 mm, and 600 g Pesola spring scale with a 
precision of 5 g: total body length (TL), snout-vent length 
(SVL), body width near head (BWH-thinnest part of body after 
head), body width at mid-body (BWM-widest part at mid-body 
region), body width near cloaca (BWC-body width at cloaca), 
tail length (TLL), body mass (BM), head length (HL), head 
width (HW), head height (HH), mouth length (ML), mouth 
width (MW), interorbital distance (IOD), and internarial 
distance (IND) (see Figure2A for head dimension 
measurements). Based on these data, we calculated the 
HL/HW ratio, which is often used to differ between subspecies 
(Obst, 1978). All captured animals were marked to avoid 
duplicating the results. If the same animal was re-captured, 
only the environmental data were recorded. In some 
specimens, the tail was partially missing, and this condition 
was also recorded. All applicable international, national, 
and/or institutional guidelines for the care and use of animals 
were strictly followed. All animal sample collection protocols 
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complied with the current laws of the Republic of Croatia. 

We recorded several physical characteristics of the 
environment at the site of capture: i.e., air temperature, soil 
temperature, air humidity, air movement, and air pressure, 
recorded using a Kestrel 4000 Pocket Weather Tracker 
(precision of 0.1°C, wind speed 3% of reading, relative 
humidity (RH) 3%, and barometric pressure 1.5 hPa) and a K- 
type Thermocouple (Appa Technology Corp., Taiwan, China, 
precision of 0.1 °C). In addition, we measured six microhabitat 
characteristics at each site of individual animal capture: (a) 
microhabitat type (seven subtypes: (1) open meadow with 
grass less than 10 cm in height-usually pasture or mowed 
meadow; (2) open meadow with grass more than 10 cm in 
height-usually untended meadow; (3) ground, surrounded by 
bushes; (4) bush; (5) under object—e.g., log, branch, stone; (6) 
open stonewall-typical stonewall that allows animal to pass 
through its crevices from one side to the other; and (7) closed 
stonewall-stonewall bordered on one side with earth or rocks, 
animal can enter only from one side and hide deep inside 
crevices); (b) substrate type (five subtypes: (1) dry vegetation; 
(2) earth with grass; (3) earth with rocks; (4) earth; and (5) 
stone); (c) nearest hiding place (five subtypes: (1) pile of 
rocks, under stones or in stonewall; (2) stones covered with 
bushes; (3) under log, branch, or manmade debris; (4) under 
dense bush; and (5) dense grass or herbaceous plants); (d) 
approximate distance of animal to hiding place (measured in 
cm, from the central point of animal’s body); (e) vegetation 
cover (measured as approximative percentage of predefined 
subtype in a radius of 5 m around each capture site: (1) total 
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Figure 2 Head dimension measurements of P. apodus (A) and scaled mass index (SMI) values for Cres Island and Klis shown separately 


for each sex (B) 


HL: Head length; HW: Head width; HH: Head height; ML: Mouth length; MW: Mouth width; IOD: Interorbital distance; IND: Internarial distance. 


cover of vegetation; (2) short vegetation up to 10 cm; (3) 
herbaceous vegetation up to 50 cm; (4) shrubby vegetation; 
and (5) tree vegetation); and (f) other habitat characteristics 
besides vegetation (measured as approximative percentage of 
predefined subtype in a radius of 5 m around each capture 
site: (1) stone walls; (2) soil; (3) gravel/small stones; (4) 
concrete; and (5) rocks and stones). Hiding places were 
defined as any place where the animal can hide and not to be 
visible by a predator such as a fox or buzzard, e.g., hole in 
ground, crevice between rocks, under a log or boulder, or in 
dense vegetation. After measuring, the animals were released 
at the site of capture. 


Scaled mass index (SMI) and residual analysis 

General morphometric measurements (e.g., SVL, total length, 
head measurements) can be informative of the ecology of the 
species, and their variation can provide an indication of 
ecological or evolutionary processes, such as responses to 
predation or sexual selection pressure (Losos, 1990; Meiri, 
2008). In that context, different indices are commonly used to 
summarize these data, including the SMI. 

Body condition was estimated from mass/length data, and 
the SMI was calculated according to Peig & Green (2009). 
This index represents an improvement over previously used 
condition indices as it is based on the central principle of 
scaling, and includes many methodological, biological, and 
conceptual advantages (Peig & Green, 2009). Here, the 
calculation was carried out in three steps. First, to identify the 
extreme values, we plotted the recorded length (L) and mass 
(M) data of all individuals. Second, we calculated the scaling 
exponent bsma by standardized major axis regression on In- 
transformed data using online software (Bohonak & van der 
Linde, 2004). Third, we calculated the SMI using the formula: 


(1) 


where M; and L; are the body mass and total length of 
individual i, respectively, and Lo is the arithmetic mean of L. 
The SMI was calculated separately for each site and sex. 


bSMA 
Mi = Mil “| 


Li 


Statistical analysis 

All statistical analyses were carried out using Statistica 
software (TIBCO Software Inc, 2018). Due to their very low 
number (four), juveniles were excluded from the analyses. 
Morphometric data were analysed using multivariate analysis 
of covariance (MANCOVA), with site and sex as factors and 
SVL as the covariate. Subsequent univariate analysis of 
covariance (ANCOVA) was run for each variable separately. 
Values obtained for SMI were tested with a Kruskal-Wallis test 
(K-W Test). In addition, tail condition (intact vs. partial; 
autotomy rate) was analysed using log-linear model analysis 
to compare groups (sex and site). The HL/HW ratio was tested 
for normality and then used for t-test. 

Ecological and physical habitat data (e.g., air temperature, 
soil temperature, air movement, relative humidity, air pressure, 
and distance to hiding place) and vegetation cover data were 
log transformed and then used for two separate factor 
analyses. Ecological and physical habitat data, as well as 
vegetation cover data, were checked for correlation. As no 
variables showed correlation (all values were between —0.7 
and 0.7), none seemed to be redundant. Extracted factors for 
each dataset were analysed using MANOVA to test for site, 
sex, and interaction between site and sex. Data on the time of 
day were not included in the analyses as Mann-Whitney U-test 
showed no significant differences regarding when the animals 
were caught. 
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RESULTS 


During the three years of study, we caught 164 animals in 
total, including 92 from Klis (49 females, 40 males, and three 
juveniles) and 72 from Cres Island (34 females, 37 males, and 
one juvenile). This species exhibited marked differences in 
coloration between juveniles and adults: juveniles were gray 
with black patches and spots, and had coarse scales, whereas 
adults were uniformly brown with smooth and shiny scales. As 
we did not catch animals intermediate in color/pattern, 
differentiation between juveniles and adults was considered 
straightforward. 


Morphology 

Individuals from Cres were generally larger than individuals 
from Klis, which was the case for all morphometric traits 
(Table 1). Morphometric data analysis showed an influence of 
site (MANCOVA; F=9.20, P<0.05) and sex (MANCOVA; 
F=23.12, P<0.05) on almost all examined variables. The only 
variables not influenced by sex were TLL (ANCOVA; F=0.11, 
P=0.74) and BWM (ANCOVA; F=2.39, P=0.12) and not 
influenced by site were TLL (ANCOVA; F=2.05, P=0.16) and 
IND (ANCOVA; F=2.08, P=0.15). Similarly, significant 
interactions between site and sex (MANCOVA; F=2.18, 
P<0.05) were detected, indicating that males and females 
differed in morphology depending on the site. Variables not 


affected by this interaction were HH (ANCOVA; F=3.59, 
P=0.06), ML (ANCOVA; F=2.88, P=0.09), IOD (ANCOVA; 
F=0.10, P=0.76), BWM (ANCOVA; F=1.64, P=0.20), BWC 
(ANCOVA; F=3.23, P=0.08), and TLL (ANCOVA; F= 0.68, 
P=0.41). All morphometric variables were influenced by SVL 
as a covariate (MANCOVA; F=25.71, P<0.05), except for TLL 
(ANCOVA; F=0.89, P=0.35). We excluded TL from this 
analysis as it was strongly correlated to TLL and SVL as a 
covariate. Log-linear model analysis of tail condition against 
site and sex showed that the interaction between site and tail 
condition, as well as site and sex, was not significant, but the 
interaction between tail condition and sex was highly 
significant (Table 2; df1; P=0.001). The HL/HW ratio 
(Table 3) showed no differences between the sites, but was 
slightly lower in males than in females, though not significantly 
(P>0.05). 

The SMI differed significantly between two populations, with 
the Cres population having higher values (K-W Test; P<0.05), 
indicating that the animals from Cres were larger than those 
from Klis. A within-population comparison of Cres individuals 
showed that males had higher SMI values (K-W Test; P<0.05) 
than females. The individuals from Klis, however, did not show 
such differences between the sexes (K-W Test; P>0.05; 
Table 4, Figure 2B). 


Table 1 Means+SD, including range (in parenthesis), and MANCOVA results for morphometric measurements at each site 











Cres Klis 
MANCOVA MANCOVA sex MANCOVA site 

F (n=34) M (n=37) F (n=49) M (n=40) sitexsex 

TR 389.01+5.36 391.80+5.95 384.07+6.95 382.96+6.78 7 - = 
(79.10-98.00)  (78.50-107.40) (55.60-95.7) (64.50-97.60) 

Sviten 34.99+2.60 37.34+2.54 32.74+2.85 32.8742.11 7 7 7 
(30.50-40.50)  (31.30-41.9) (24.00-39.90) (28.30-36.50) 
40.45+4.40 48.58+5.73 37.4443.67 41.1543.47 

HL-(mm) (25.77-52.30) (36.32-69.62) (26.32-43.37) (34.97-49.83)  P<0-05 SNS [30,05 
22.40+1.91 27.23+2.89 20.27+1.33 27.23+2.89 

penn (19.65-29.82) (19.50-31.20) (16.39-23.03) (18.59-27.14)  P<0-05 FRONS PS0:09 
21.34+1.89 25.76+2.87 20.27+1.68 22.65+1.81 

HELM) (18.99-27.72) (19.87-33.57) (16.54-24.26) (18.66-26.38) "> [0:05 ees 
20.5343.11 24.9343.51 18.16#1.96 20.17+2.05 

ML (mm) (17.18-29.71) (20.63-38.29) (13.71-23.20) (15.70-25.51) "S Pee epee 
18.75#1.92 22.3741.98 17.24#1.66 18.67+1.72 

MW (him) (16.03-25.81) (17.64-25.24) (13.73-20.82) (15.21-22.70)  P<0-05 PRONS Pues 
15,032.21 17,002.40 13.49+1.26 14.58+1.31 

IOD: (mm) (7.86-19.52)  (8.86-21.66) (11.36-16.78) (10.74-17.45) "> P<0:05 rents 
6.8140.68 8.03+0.88 6.59+0.55 7.02+0.61 

IND:(mm) (5.80-8.37) (6.10-9.34) (5.25-7.61) (5.71-8.33) 70:09 cae a 
21.36+1.83 24.48+2.69 19.29+1.86 20.30+1.90 

BWH (mm) (18.47-25.43) (18.18-29.96) (16.12-25.11) (16.72-26.95)  P<0-05 ad rene 
26.7843.17 29.4043.91 23.4443.35 23.6442.17 

BWM (mm) (20.96-32.38) (22.61-36.65) (18.24-31.44)  (18.76-30.2) "> ms: rats 
22.1441.76 24.1341.88 19.56#1.52 19.9541.11 

BwWemm) (19.35-28.39) (20.20-29.48) (16.16-23.44) (17.40-22.86) "> cone pee 

ieee 52.9944.68 52.1146.58 49.5549.43 50.0045.96 ms ee Me 
(44.10-59.70) (19.90-57.50) (0.70-60.50) (33.40-63.80) "S S; S: 
325.29+63.87 404.11479.54  240.45457.24  243.48+36.09 

BM (9) 220-490 220-552 105-400 150-315 50:05 e002 vanes 


F: Female; M: Male. n: Number of individuals. TL: Total length; SVL (co-variate): Snout-vent length; HL: Head length; HW: Head width; HH: Head 
height; ML: Mouth length; MW: Mouth width; IOD: Interorbital distance; IND: Internarial distance; BWH: Body width near head; BWM: Body width at 
mid-body; BWC: Body width near cloaca; TLL: Tail length; BM: Body mass. —: Not available; n.s.: Not significant. 
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Table 2 Number of individuals with intact and autotomized tails at 
both sites and for both sexes 





Klis Cres 
Tail condition M F M F 
Original 9 17 6 20 
Autotomized 31 32 31 14 


In both populations, females had significantly more often intact tails 
than males (P<0.05). F: Female; M: Male. 


Table 3 Means+SD of head length (HL) to head width (HW) ratios 
(HL/HW) for studied populations 








Site M F 
Klis 1.8140.14 1.8540.15 
Cres 1.7840.19 1.8240.14 


M: Male; F: Female. t-test showed no significant differences between 
sexes or between sites. (P>0.05). 


Table 4 Scaled mass index (SMI) 








Locality n Sex Dsma 95% CI Lo SMI 
34 F 3.24 2.20, 4.2889.01 327.98 

ates 34 M 3.89 2.85, 4.9392.78 398.69 

Klis 48 F 3.59 2.84, 4.3484.66 239.38 
39 M 2.08 1.49, 2.6683.43 243.94 





n: Number of individuals; F: Female; M: Male; bsma: Scaling exponent; 
Lo: Arithmetic mean of L (individual total length). 


Ecological variables 

Mean recorded values of physical habitat data showed slight 
differences between the two sites, with Cres Island having 
lower average recorded temperature and humidity but higher 
air pressure than Klis (Table 5). Factor analysis of ecological 
and physical habitat data yielded three factors that explained 
71.52% of the variability. Air and soil temperature showed 
significant factor loadings for factor 1 (0.81 and 0.84), relative 
humidity and air pressure for factor 2 (-0.74 and 0.77), and 
distance to hiding place for factor 3 (-0.77). MANOVA of the 
extracted factors showed differences between the two sites 
(F=31.40, P<0.05, Partial n°=0.49), but not between the sexes 
(F=0.82, P=0.49, Partial n7=0.03) nor the interaction between 
sex and site (F=0.42, P=0.74, Partial n°=0.02). 

Total vegetation, short vegetation up to 10 cm, herbaceous 
vegetation up to 50 cm, and tree vegetation were more 
abundant in Klis, whereas shrubby vegetation was more 
prominent on Cres. Factor analysis of the variables describing 
vegetation cover yielded two factors that explained 67.97% of 
the variability. Total and herbaceous vegetation showed 
significant factor loadings for factor 1 (0.91 and 0.78) and 
short vegetation up to 10 cm showed significant factor 
loadings for factor 2 (0.80). MANOVA of extracted factors 
showed differences between the two sites (F=18.98, P<0.05, 
Partial n?=0.20), but no differences between the sexes 
(F=1.12, P=0.33, Partial n°=0.01) nor the interaction between 
sex and site (F=1.55, P=0.22, Partial n°=0.02). 


Table 5 Measured parameters of physical and ecological habitat 
data with significant factor loadings from a factor analysis 
expressed as meanstSD 





Variable Cres Klis 
Recorded air temperature (°C) 21.6+4.3 24.3+5.5 
Annual air temperature (°C) 15.3* 16.1* 
Recorded soil temperature (°C) 19.4+4.0 19.54+2.5 
Air movement 2.142.2 2.141.9 
Relative air humidity at capture site (%) 43.0410.5 56.1413.5 
Annual air humidity (%) 70.4* 58.1* 
Recorded air pressure (hPa) 1010.7+4.0 999.9+6.3 
Annual air pressure (hPa) 1 009.6* 1 000.4* 


Distance to hiding place 223.84319.4 226.64318.1 


*: Taken from Meteorological and Hydrological Service of Croatia 
(Zaninović et al., 2008); standard deviation (SD) data not available. 


DISCUSSION 


In our study, we compared the morphology and ecology of two 
populations of European glass lizard, one insular (Cres) and 
one from the mainland (Klis). The ecological and physical 
habitat data showed that the studied locations differed in the 
amount of vegetation, with less vegetation being present in the 
Cres site. Vegetation cover is an important variable that 
influences P. apodus distribution within the habitat, with 
individual distribution differing between different vegetation 
types (Telenchev et al., 2017). However, to truly differentiate 
to what extent our data represent true habitat or transitional 
habitat, we still lacked detailed information on species vagility 
and habitat use. Currently available data on vagility of P. 
apodus, based on a single research, show that recaptured 
individuals were found the furthest 5 m away from the site of 
their previous capture, suggesting very low mobility in this 
species (Telenchev et al., 2017). 

In addition, two of the measured physical parameters, i.e., 
air temperature and relative humidity, were higher on Klis 
(Table 5). Interestingly, data from the Meteorological and 
Hydrological Service of Croatia for both areas showed only 
slight differences in annual temperature (less than 1 °C 
between locations) but larger differences in annual relative 
humidity. The annual humidity data correspond well to our 
mainland location data, but the island location showed almost 
two times higher values compared to our data. This finding 
indicates that humidity may be a parameter that makes a 
difference between the island and mainland locations. Yet, 
some parameters were strikingly similar at both sites, e.g., soil 
temperature (which corresponds to the temperature 
experienced by the animal when it is hiding underground) did 
not differ between sites. Humidity can directly affect vegetative 
growth, but in our case less vegetation was present at the 
island site. Another important difference between the sites 
was the macro- and meso-faunal composition. Cres lacks 
many of the predators present in the Klis area (e.g., medium- 
sized predators like foxes or badgers). The lack of larger 
predators could be connected to vegetation cover, i.e., wild 


Zoological Research 41(2): 172-181, 2020 177 


(deer) and domestic (sheep) grazers are present all over Cres, 
thus limiting vegetative growth (Dumančić, 1992; Sušić & 
Radek, 2007). The absence or removal of top predators can 
lead to simplified or degraded habitats, which impact lower 
trophic levels (Estes et al., 2001; Ripple & Beschta, 2004; 
Soulé et al., 2003), and might be the case on Cres. However, 
according to our results, the detected vegetation and humidity 
differences between the two selected habitats did not directly 
influence the presence of either sex or how they use the 
habitat (for ecological parameters see section Materials and 
methods—Data collection). In addition, during preliminary 
study, we observed no animals during mid-summer at either 
site, consistent with the fact that they are most active at 
temperatures between 22 °C and 31 °C (Telenchev et al., 
2015) and estivate under higher air temperatures (Abe, 1995; 
Buhlmann, 1995; Storey, 2001). Overall, the studied 
populations did not differ significantly in the general ecological 
parameters recorded. 

The most influenced phenotypic character, dependent on 
habitat and important from an evolutionary perspective, is 
body size (Werner & Gilliam, 1984). It is also the most 
important trait in niche determination (Blanckenhorn, 2000; 
Janzen, 1993; Wikelski, 2005). In general, both of our studied 
populations could be regarded as morphologically small, as all 
animals measured were smaller than those reported in the 
original description of P. a. thracius (where numerous 
individuals were recorded with a SVL greater than 400; Obst, 
1978). In addition, the HL/HW ratios in our populations were 
slightly lower than the average from the original description 
(1.82), although they fell within the range (1.72-2.12, Obst, 
1978; Table 3). 

Comparative analysis of morphological data showed strong 
discrimination between the two study populations. Animals 
from Cres were larger than those from Klis. The higher SMI 
values for the Cres animals also suggest better physical 
fitness (Cooper et al., 2009). The smaller body size observed 
in Klis may indicate stronger predation pressure, as many 
predators are absent from Cres Island (e.g., foxes and 
badgers, Sušić & Radek, 2007). This predation risk may 
influence not only survival, but also the size of the animals. In 
addition, predation pressure can influence population age 
structure, i.e., a higher number of older individuals being 
captured by predators can decrease the overall size of 
individuals as size in reptiles is commonly dependent on age 
(Tomašević Kolarov et al., 2010). 

Another possible explanation for the larger body size could 
be the abundance of potential prey items. Pseudopus apodus 
is a generalist, although arthropod and mollusc prey are 
dominant, with some vertebrates (Rifai et al., 2005). Rifai et al. 
(2005) showed dominance of different prey items at different 
localities (e.g., orthopterans in Jordan, coleopterans in 
Caucasus, molluscs in Crimea). On the other hand, food 
abundance is often higher on large islands, which may 
influence not only body size, but also species density (Pafilis 
et al., 2009). 

On Cres, the lack of predators and possibly higher food 
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abundance, may have influenced the size of the studied 
individuals, which could be a plastic trait. However, this must 
be confirmed experimentally, as some traits show more 
plasticity (e.g., hindlimb length in Anolis sagrei, Losos et al., 
2000), whereas others are more conservative (e.g., dry mass 
growth rate in Sceloporus graciosus, Sears & Angilletta, 
2003). 

Apart from the size differences between populations, we 
also detected intersexual size differences within the Cres 
population, with males being significantly larger than females. 
In both populations, males had larger heads than females, but 
this difference was more prominent in Cres. Larger heads 
imply bigger muscles and greater bite force (Sagonas et al., 
2014; Santana et al., 2010), which may evolve for a number of 
reasons (Christiansen & Wroe, 2007; Dewar et al., 2015; 
Dollion et al., 2017; Jones & Ruff, 2011; Vincent & Herrel, 
2007). A greater bite force can allow an animal to extend its 
food niche, enabling it to feed on larger or harder prey items 
(Herrel et al., 2001; Verwaijen et al., 2002; Wyckmans et al., 
2007) or to eat different types of food, such as plants (Herrel 
et al., 2004a, 2004b, 2008; Sagonas et al., 2014). The larger 
head (accompanied with larger body size) in P. apodus is 
crucial for mating success, as male to male combat has been 
observed in this species (Jablonski, 2018) and individuals that 
can inflict stronger bites are more likely to win such contests. 
Therefore, larger individuals may be more successful in 
mating, which could, through intrasexual selection, result in 
the increased size of males in the population. Intersexual 
selection may also play a role, with females preferring larger 
individuals as a sign of better general fitness. This pronounced 
sexual dimorphism in morphology was observed in all 
morphometric variables in the Cres population, which was 
characterized by larger, more robust males compared to 
females. 

However, there was an exception, with TLL being slightly 
longer in females than in males. This was the only 
morphometric variable that was not influenced by sex, 
location, or by the interaction between site and sex. This 
finding is surprising, as all other parameters indicated that the 
animals from Cres were generally larger. Log-model analysis 
confirmed this difference and clearly showed that males suffer 
more often from autotomy than females (see Table 2). Tail 
autotomy is directly connected to predator evasion strategies 
in lizards (Higham et al., 2013). This suggests that the 
observed TLL values may be dependent on increased 
predation and that males are more active and exposed to 
predation than females. Intrasexual selection (e.g., male-male 
fights) is unlikely to have a significant influence on the 
occurrence of autotomy, as observations on male to male 
combat have shown no bites to the tail region (Jablonski, 
2018). This is an interesting finding as previous study 
suggests that P. apodus lizards rarely autotomize their tails 
(Obst, 1981). 

The general differences between populations observed in 
this paper could also be a consequence of the island effect 
(e.g., Foster’s rule). On islands that lack predators, lizards 


tend to increase their body size in order to reduce intraspecific 
competition (Case, 1978; Meiri, 2008). In addition, selection 
on islands with reduced predation risk may favor larger males, 
resulting in larger body size in future generations (Case, 
1978). This may partially explain the phenomenon we 
observed, as P. apodus may be very aggressive towards 
conspecifics during the breeding period (Lisičić pers. observ.; 
Jablonski, 2018). However, detailed studies on territoriality 
and sexual selection in this species are lacking. 

The evolutionary background of the detected intrapopulation 
differences is speculative. Even though P. apodus is common 
on many islands along the eastern Adriatic coast, information 
on its dispersal history is limited. Island populations of P. 
apodus are probably remnants from the last Ice Age when 
most islands in this region were connected to the mainland, 
some 10 000-15 000 years ago, as was the case with the 
herpetofauna on other Mediterranean islands (Corti et al., 
1999). Previous experiments on the reciprocal introduction of 
the Italian wall lizard (Podarcis siculus) on two Adriatic islets 
have shown that even for genetically identical populations, 35 
years of separation can result in profound morphological, 
behavioural, and physiological differences (Herrel et al., 
2008). These differences confirm the plasticity of this species 
in terms of dietary shift, which can be observed in skull 
dimensions, dentition, gut morphology, and digestive 
performance (Herrel et al., 2008; Vervust et al., 2010). 

Detailed genetic data on our studied populations are not 
available, so we can only speculate to what extent these 
differences result from environmental and/or genetic 
variability. The only genetic data on these populations refer to 
the subspecies (Jandzik et al., 2018), which show very low 
genetic diversity within the whole range of the P. a. thracius 
subspecies, both at the nuclear and mitochondrial level. It has 
also been suggested that P. apodus has lower genetic 
plasticity than the genus Anguis, possibly explaining its much 
narrower distribution (Jandzik et al., 2018). 

Genetic data that can account for the evolutionary history in 
some lizard species, e.g., genetic data of Podarcis erhardii in 
Greece suggests that spatial fragmentation contributes more 
to genetic variation than geographic proximity (Hurston et al., 
2009), should be taken with caution as P. apodus obviously 
differs in this aspect from other European lizards. Certainly, 
detailed genetical analyses would contribute to a better 
understanding of the underlying causes of the observed 
plasticity. 

Regardless of the causal mechanism, morphological 
differences between the two studied populations were evident. 
Here, we showed that P. apodus exhibited morphological 
differences between two geographically close populations 
inhabiting the same biogeographical zone. Specifically, not 
only did we observe an increase in body size but also clear 
sexual dimorphism in the island population compared with the 
mainland population. This indicates that phenotypic plasticity 
occurs, even on a small geographical scale, in P. apodus. 
However, more studies on different populations of P. apodus 
are needed to confirm the level of phenotypic plasticity on a 


wider scale and to put it in a broader ecological context. 
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ZOOLOGICAL RESEARCH 


Spatial and temporal patterns of amphibian species 
richness on Tianping Mountain, Hunan Province, China 


DEAR EDITOR, 


Exploring species richness patterns across space and time 
can help in understanding species distribution and in 
formulating conservation strategies. Among taxa, amphibians 
are of utmost importance as they are highly sensitive to 
environmental changes due to their unique life histories 
(Zhong et al., 2018). Here, we investigated the spatial and 
temporal patterns of amphibian species richness on Tianping 
Mountain in China. Specifically, we established 10 transects at 
low to high elevations, and sampled amphibians in April, June, 
August, and October 2017. Our results demonstrated that 
amphibian species composition and richness varied 
significantly at both spatial and temporal scales and were 
associated with gradients of environmental change in 
microhabitats on Tianping Mountain. 

Biodiversity is a hot topic in community ecological research 
and exhibits a strong relationship with ecosystem functioning 
(Wang & Brose, 2018; Zhao et al., 2018). Although 
biodiversity consists of multiple components, species richness 
is a fundamental measurement underlying various ecological 
concepts and models (Gotelli & Colwell, 2011). Exploring 
species richness patterns across space and time can help to 
understand the distribution of organisms (Fu et al., 2006), 
reveal the mechanism of species coexistence (Hu et al., 
2011), formulate conservation strategies (Olds et al., 2016), 
and assess environmental changes (Butchart et al., 2010). 

Spatial patterns of species richness are usually tested along 
altitudinal or latitudinal gradients at the local and regional 
scales, respectively. At the local scale, species richness 
typically exhibits two types of response along elevational 
gradients; i.e., it decreases continuously or displays a hump- 
shaped relationship with increasing elevation (Rahbek, 1995, 
2004). These relationships can be explained by environmental 
factors such as climate, area, and habitat heterogeneity (Cruz- 





Open Access 

This is an open-access article distributed under the terms of the 
Creative Commons Attribution Non-Commercial License (http:// 
creativecommons.org/licenses/by-nc/4.0/), which permits unrestricted 
non-commercial use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 

Copyright ©2020 Editorial Office of Zoological Research, Kunming 
Institute of Zoology, Chinese Academy of Sciences 


182 Science Press 


Elizalde et al., 2016; Hernandez-Salinas & Ramirez-Bautista, 
2012; McCain, 2009; Rahbek, 1995; Sanders et al., 2003) or 
can be attributed to mid-domain effects, with increasing 
species distribution overlap towards the center of a bounded 
geographic domain free of environmental gradients (Colwell et 
al., 2004; Wu et al., 2013a). At the larger geographic scale 
(e.g., latitudinal gradients), species richness can increase from 
the poles to the tropics (e.g., global data of amphibians, birds, 
and mammals; Marin & Hedges, 2016). This is likely because 
tropical areas have greater historical lineages and higher 
environmental heterogeneity than temperate zones (Jansson 
et al., 2013; Stevens, 2011). In contrast, marine species 
richness along latitudinal gradients (for both vertebrates and 
invertebrates, and all species together) is bimodal, with a dip 
in richness occurring at the equator (Chaudhary et al., 2017). 
This relationship is strongly determined by temperature, which 
can influence animal biology and productivity within 
ecosystems (Chaudhary et al., 2017). 

Temporal environmental fluctuations (e.g., seasonality) can 
also control species composition and richness (Tonkin et al., 
2017). The unique assemblages observed at specific times of 
the year depend on the ecological conditions of each season 
(Chesson, 2000), and have been well documented in different 
fauna. For instance, temporal changes in bird species 
richness can be attributed to seasonal migration (Somveille et 
al., 2015). In terms of fish communities, species richness and 
assemblages can vary seasonally due to minimization of 
interspecific competition for resources (Shimadzu et al., 2013). 
Therefore, exploring temporal (seasonal) patterns of species 
richness can help to understand species coexistence and 
ecosystem stability (Thibaut & Connolly, 2013). 

Although numerous studies have examined spatial (e.g., 
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Acharya et al. 2011; Bhattarai et al., 2004; Fu et al., 2007; 
Gojo Cruz et al., 2018; Kraft et al., 2011; Khatiwada et al., 
2019; Wu et al., 2013a, 2013b) and temporal patterns (e.g., 
Bender et al., 2017; Shimadzu et al., 2013; Tonkin et al., 
2017) of species richness in different taxa separately, 
empirical studies are still needed for simultaneous 
quantification. This is because both space and time can affect 
the distribution and activities of species at the local scale. For 
instance, species belonging to different spatial guilds may 
exploit different habitat types. Population size may increase at 
different times as species can adapt to changes in temporal 
environmental conditions over their life cycle (Shimadzu et al., 
2013). This is especially true for amphibians due to their 
restricted distribution ranges as well as their seasonal 
migration for spawning and after metamorphosis (Fei et al., 
2009). Therefore, in the present study, we focused on the 
spatial and temporal (seasonal) changes in species richness 
in amphibians distributed on Tianping Mountain, China. 
Specifically, we (1) revealed the amphibian species 
assemblages along elevational gradients, as well as those in 
different seasons, (2) explored the environmental factors that 
determined species composition, and (3) tested the spatial 
and temporal patterns of species richness. Methodological 
details are provided in the Supplementary Materials. 

In total, 15 species belonging to seven families were 
recorded during the four sampling sessions (Supplementary 
Table S1). Results showed that amphibian assemblages 
changed along the elevational gradients. Overall, the 
dominant species recorded at the low, mid-, and high 
elevation transects included Amolops ricketti and Odorrana 
schmackeri, Paramegophrys liui, and Paa boulengeri and 
Leptobrachium  boringii, respectively (Figure 1A). The 
amphibian assemblages also exhibited strong temporal shifts 
during the four seasons. The dominant species in April, June, 
August, and October were Paramegophrys liui and L. boringii, 
Megophrys sangzhiensis and Pseudohynobius 
flavomaculatus, O. margaretae and O. schmackeri, and Paa 
boulengeri and A. ricketti, respectively (Figure 1B). 

The redundancy analysis (RDA) results were significant 
when testing the effects of environmental factors on 
amphibian species composition (P=0.005). The first two axes 
explained 31.73% of the variation (20.13% and 11.60%, 
respectively). Among the 16 environmental factors, air 
humidity, water temperature, altitude, tree number, canopy 
density, shrub coverage, fallen leaf coverage, fallen leaf 
depth, and water conductivity had significant effects on 
species composition (P<0.05). Juvenile and adult O. 
schmackeri, adult A. chunganensis, juvenile and adult A. 
ricketti, and adult Fejervarya multistriata were positively 
associated with water temperature and water conductivity, but 
were negatively associated with altitude, tree number, canopy 
density, and fallen leaf depth. In contrast, juvenile Bufo 
gargarizans, adult L. boringii, and adult Paramegophrys liui 
were positively associated with altitude, tree number, canopy 
density, and fallen leaf depth, but were negatively correlated 
with water temperature and water conductivity. In addition, 


adult Feirana quadranus, adult Pseudorana sangzhiensis, 
adult O. margaretae, juvenile and adult Paa boulengeri, adult 
M. sangzhiensis, and adult Rhacophorus chenfui were 
positively associated with shrub coverage and air humidity. In 
contrast, adult Hyla gongshanensis and juvenile 
Pseudohynobius flavomaculatus were negatively associated 
with shrub coverage and air humidity (Figure 1C). 

Overall, total amphibian species richness increased 
significantly along elevational gradients when incorporating 
data from all four sampling sessions (R?=0.53, P=0.010; 
Figure 1D), indicating that more species were detected at high 
elevation sites. However, the response of species richness to 
elevational gradients differed each month. Specifically, there 
were no significant changes in April and August (R?=—0.12, 
P=0.844; R?=—0.06, P=0.519), but a significant increase and 
U-shaped relationship were observed in June and October, 
respectively (R?=0.38, P=0.034; R?=0.70, linear term: 
P=0.009, quadratic term: P=0.014; Figure 1E). At the temporal 
scale, total species richness varied significantly among the 
different months (Friedman test; X°=16.129, df=3, P=0.001). 
Specifically, species richness in April was significantly lower 
than that in August (W=17, P=0.011), but was significantly 
higher than that in October (W=76, P=0.044). Species 
richness in October was significantly lower than that in June 
(W=93, P=0.001) and August (W=97, P<0.001). However, 
there was no significant difference in species richness 
between April and June (W=24.5, P=0.052) or between June 
and August (W=43, P=0.612; Figure 1F). 

Overall, our results indicated that amphibian species 
assemblages varied along elevational gradients. Specifically, 
A. ricketti and O. schmackeri were the dominant species at the 
low elevation transects. However, these species, as well as F. 
multistriata and H. gongshanensis, were restricted to transects 
below 800 m a.s.l. (i.e., were not recorded at mid- or high 
elevations). Results also showed that Paramegophrys liui was 
dominant at the mid-elevation transects, whereas Paa 
boulengeri and L. boringii were dominant at the high elevation 
transects. In addition, we found one high elevation-restricted 
species (Pseudorana sangzhiensis). These results support 
previous claims that elevations associated with specific habitat 
conditions (e.g., temperature and vegetation variation) are 
important for determining amphibian species distribution 
(Khatiwada et al., 2019; Meza-Joya & Torres, 2016) and 
provide specific spatial niches for species. We also found that 
temporal niche utilization differed among the amphibians, with 
dominant species changing from Paramegophrys liui and L. 
boringii in April, to Pseudohynobius flavomaculatus in June, O. 
schmackeri in August, and Paa boulengeri and A. ricketti in 
October. Some species were also seasonally restricted. For 
instance, Paramegophrys liui was not detected after June, O. 
schmackeri and M. sangzhiensis were only active in June and 
August, and Pseudorana sangzhiensis was only recorded in 
August. These results could be attributed to breeding times 
and temperature adaptations (Fei et al., 2009; Snyder & 
Weathers, 1975). Therefore, our results are in agreement with 
previous studies, which state that Paramegophrys liui and L. 
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Figure 1 Spatial and temporal patterns of amphibian species richness on Tianping Mountain. 

A: Species occurrence (percentage of individuals) in different sampling transects. B: Species occurrence (percentage of individuals) in different 

months. C: Redundancy analysis (RDA) of relationships among environmental factors and amphibian species composition. Length of environmental 

vector indicates degree of correlation. Only significant variables (P<0.05) are depicted. Abbreviations of environmental factors and amphibian 

species are listed in Supplementary Table S1 and Table S2, respectively. D: Relationship between total amphibian species richness and elevation. 

E: Relationship between amphibian species richness and elevation each month. F: Temporal changes in amphibian species richness over four 

months. Different letters on top of error bars indicate significant difference between pairwise months (P<0.05). 


boringii breed in April-July and February—April, respectively 
(Fei et al., 2009, 2012), whereas O. schmackeri and M. 
sangzhiensis usually breed in June—August (Fei et al., 2009, 
2012). We also sampled several species in all seasons (e.g., 


Paa boulengeri and A. ricketti), which may be related to their 
broader temperature adaptation range (Fei et al., 2009, 2012). 

Previous studies have indicated that Paramegophrys liui 
and L. boringii usually require high elevation habitats with 
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broad vegetation coverage (Fei et al., 2009, 2012), which 
provide good breeding sites. This may explain why their 
abundance was positively correlated with environmental 
factors such as canopy density, fallen leaf depth, and tree 
number. However, their abundance was negatively correlated 
with water temperature as their breeding season occurs from 
March to June under relatively low temperatures (Fei et al., 
2012; Yu & Lu, 2010). Juvenile B. gargarizans exhibited 
similar patterns as P. liui and L. boringii, which was probably 
because they recently underwent metamorphosis from water 
bodies. However, A. chunganensis, A. ricketti, and O. 
schmackeri were negatively associated with altitude, as these 
species prefer large, strong-flowing streams with low 
vegetation cover, which were more common at the lower 
elevation transects with higher temperatures (Wu et al., 2015; 
Xiong et al., 2005). The observations for F. multistriata at low 
elevations could be attributed to their high abundance in and 
preference for lowland paddy fields close to large streams. 
Unsurprisingly, F. quadranus, Pseudorana sangzhiensis, O. 
margaretae, Paa boulengeri, M. sangzhiensis, and R. chenfui 
were positively associated with shrub coverage and air 
humidity, as these conditions provide diverse food items such 
as insects, snails, and crabs (Huang et al., 2011; Yuan & 
Wen, 1990). In contrast, H. gongshanensis and juvenile 
Pseudohynobius flavomaculatus were negatively correlated 
with air humidity and shrub coverage as they inhabit paddy 
fields close to streams (Liao & Lu, 2010) and small ponds 
covered by rocks (Fei et al., 2009), respectively. 

In contrast with many earlier studies (e.g., Hu et al., 2011; 
Khatiwada et al., 2019), total amphibian species richness 
increased continuously along the elevational gradients, with 
more species detected at higher elevations. This observation 
is interesting as most previous studies suggest that amphibian 
species richness should exhibit a hump-shaped response to 
elevation due to mid-domain effects (e.g., amphibians in 
Hengduan Mountain, China; Fu et al., 2006; amphibians in 
tropical Andes; Meza-Joya & Torres, 2016) or decrease 
continuously with elevation (e.g., eastern Nepal Himalaya; 
Khatiwada et al., 2019). This is because high elevations (e.g., 
>3 000m on Hengduan Mountains and eastern Nepal 
Himalaya; Hu et al., 2011; Khatiwada et al., 2019) usually 
correspond to low temperatures, with fewer amphibian species 
able to survive in cold regions (Funk et al., 2012). Our 
conflicting results could be attributed to the limited elevation of 
transects selected on Tianping Mountain (<1 500m), with 
temperature not a primary limiting factor of amphibian species 
richness at the spatial scale. In addition, our results could also 
be attributed to the larger heterogeneity of habitats at higher 
elevations on Tianping Mountain (Cao et al., 1997), which 
could support more amphibian species (Hernandez-Salinas & 
Ramirez-Bautista, 2012; Meza-Joya & Torres, 2016). It was 
not surprising that more species were observed in June and 
August as these months occur in the active season (warmer 
and wetter climate conditions) for most amphibian species, 
with their populations increasing in suitable habitats (Bickford 
et al., 2010). 


In conclusion, the present study demonstrated the spatial 
and temporal patterns of amphibian species richness on 
Tianping Mountain in Hunan Province, China. Future studies 
should focus on more facets of biodiversity to better 
understand the roles of spatial and temporal variation in 
community assembly processes of mountain-dwelling 
amphibians. As the spatial and temporal niches of amphibian 
species were different, specific conservation strategies should 
be implemented. Furthermore, we confirmed that amphibian 
species occurrence was strongly determined by biotic and 
abiotic features of their microhabitats, which mediated species 
composition along the elevational transects. Because 
microhabitats are easily affected by human disturbance, long- 
term monitoring should be conducted to investigate the 
relationship between amphibian diversity and environmental 
change. 
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ZOOLOGICAL RESEARCH 


A new species of the genus Amolops (Anura: Ranidae) 


from Yunnan, China 


DEAR EDITOR, 


A new species of the genus Amolops, Amolops tuanjieensis 
sp. nov., is described from Yunnan, China. The new species 
can be distinguished by the following characters: dorsolateral 
folds present; dorsal and ventral surfaces smooth; top of head 
and dorsum brown-red with irregular gray and dark spots; 
flank green; side of head black, from tip of snout, diffusing 
posteriorly to axilla, continuing as black streak below edge of 
dorsolateral fold; SVL 39.5-40.4 mm in males, 56.8-60.7 mm 
in females; tympanum distinct; supratympanic fold indistinct; 
vomerine teeth in two oblique rows between choanae, closer 
to each other than choanae; vocal sacs present; nuptial pads 
present; outer metatarsal tubercle absent, supernumerary 
tubercles absent; all fingertips expanded into discs; limbs 
dorsally brown with dark brown bars and irregular dark brown 
blotches. 

The genus Amolops Cope, 1865 is distributed throughout 
Southeast Asia, southern China, and southern and eastern 
Himalaya. The genus currently contains 59 species (Frost, 
2019), 18 of which belong to the Amolops monticola species 
group (Lyu et al., 2019a), characterized by smooth skin, side 
of head dark with light-colored upper lip stripe extending to 
axilla, and dorsolateral folds present (Jiang et al., 2016; Stuart 
et al., 2010; Yuan et al., 2018), including Amolops 
aniqiaoensis Dong, Rao, and Lü, 2005, Amolops akhaorum 
Stuart, Bain, Phimmachak, and Spence, 2010, Amolops 
archotaphus (Inger and Chanard, 1997), Amolops bellulus Liu, 
Yang, Ferraris, and Matsui, 2000, Amolops chakrataensis 
Ray, 1992, Amolops chunganensis (Pope, 1929), Amolops 
compotrix (Bain, Stuart, and Orlov, 2006), Amolops cucae 
(Bain, Stuart, and Orlov, 2006), Amolops chayuensis Sun, 
Luo, Sun and Zhang, 2013, Amolops daorum (Bain, Lathrop, 
Murphy, Orlov, and Ho, 2003), Amolops gerbillus (Annandale, 
1912), Amolops iriodes (Bain and Nguyen, 2004), Amolops 
mengyangensis Wu and Tian, 1995, Amolops monticola 
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(Anderson, 1871), Amolops mengdingensis and Yu, Wu, 
Yang, 2019, Amolops nyingchiensis Jiang, Wang, Xie, Jiang, 
and Che, 2016, Amolops vitreus (Bain, Stuart, and Orlov, 
2006) and Amolops wenshanensis Yuan, Jin, Li, Stuart, and 
Wu, 2018. There are ten species of A. monticola group in 
China (A. anigiaoensis, A. bellulus, A. chunganensis, A. 
chayuensis, A. gerbillus, A. mengyangensis, A. monticola, A. 
nyingchiensis, A. wenshanensis and A. mengdingensis) and 
four occur in Yunnan including A. bellulus, A. mengyangensis, 
A. wenshanensis, and A. mengdingensis (Frost, 2019; Yu et 
al., 2019). 

During recent fieldwork at Tuanjie Township, Gengma Dai 
and Wa Autonomous County, Yunnan Province, China 
(Figure 1A), five Amolops specimens were collected. These 
specimens resemble members of the A. monticola group in 
that they have smooth skin, light-colored upper lip stripe 
extending to axilla, and dorsolateral folds present. Based on 
morphological comparison and molecular phylogenetic 
analyses, we considered these specimens to represent a new 
species of the genus Amolops, which is described herein. 

Specimens were fixed in 80% ethanol and then stored in 
80% ethanol. Muscle tissues were preserved in 99% ethanol. 
Specimens were deposited at Guangxi Normal University 
(GXNU). 

Total genomic DNA was extracted from the muscle tissues 
of the five individuals. Fragments encoding partial 16S rRNA 
(16S), partial cytochrome oxidase subunit | (COI), and 
complete NADH dehydrogenase subunit 2 (ND2) genes were 
amplified and sequenced following the protocols of Yu et al. 
(2019). All new sequences were deposited in GenBank under 
accession Nos. MN832750-—MN832759 and MN832772-— 
MN832776 (Supplementary Table S1). The phylogenetic 
position of these individuals in Amolops was reconstructed 
based on the three fragments using Bayesian inference (Bl) 
(see Supplementary Methods). Sequence divergence 
(uncorrected P distance) was calculated in MEGA 7 (Kumar et 
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al., 2016). 

Morphometric data were taken using digital calipers to the 
nearest 0.1mm. Measurements followed Fei et al. (1999) 
(Supplementary Methods). Comparative morphological data of 
Amolops were taken from previous publications (Anderson, 
1871; Annandale, 1912; Bain et al., 2003, 2006; Bain & 
Truong, 2004; Dever et al. 2012; Dong et al., 2005; Fei et al., 
2009; Inger & Chanard, 1997; Jiang et al., 2016; Liu et al., 
2000; Lu et al. 2014; Lyu et al., 2018, 2019a, 2019b; Orlov & 
Ho, 2007; Pope, 1929; Rao & Wilkinson, 2007; Ray, 1999; 
Stuart et al., 2010; Sung et al., 2016; Wu & Tian, 1995; Yu et 
al., 2019; Yuan et al., 2018). 

The specimens from Tuanjie Township represented a 
distinct lineage and sister taxon to the clade consisting of A. 
akhaorum, A. archotaphus, A.  mengdingensis, A. 
mengyangensis, A. daorum, and A. iriodes, with strong 
support (Figure 1B). In addition, the new specimens possess a 
combination of morphological characters different from all 
known congeners. Therefore, we describe them as a new 
species of the genus Amolops below. 


Taxonomic account 

Amolops tuanjieensis sp. nov. (Figures 1C—J; Table 1) 
Holotype: GXNU YU110005, adult male, collected on 18 April 
2019 by Guo-Hua Yu from Tuanjie Township (N23°32'54.00", 
E99°20'12.00"; Figure 1A), Gengma Dai and Wa Autonomous 
County, Yunnan Province, China. 


Paratypes: GXNU YU110003, GXNU YU110007, and GXNU 
YU110034, three adult females; GXNU YU110006, adult male, 
collected at the same time as the holotype from the type 
locality by Guo-Hua Yu. 

Etymology: The specific epithet is named for the type locality, 
Tuanjie Township, Gengma Dai and Wa Autonomous County, 
Yunnan Province, China. We suggest the English common 
name as “Tuanjie cascade frog” and the Chinese common 
name as “Bait”. 

Diagnosis: Amolops tuanjieensis sp. nov. differs from other 
members in the genus Amolops by the following characters: 
(1) SVL 39.5-40.4mm in males and 56.8-60.7 mm in 
females; (2) dorsolateral folds present; (3) side of head dark 
with light-colored upper lip stripe extending to axilla; (4) skin 
on dorsal and ventral surfaces smooth; (5) tympanum distinct, 
less than half of eye diameter; (6) supratympanic fold 
indistinct; (7) vomerine teeth in two oblique rows between 
choanae, closer to each other than to choanae; (8) top of head 
and dorsum brown-red with irregular black and gray spots; (9) 
loreal regions dark black; (10) lateral green; (11) pineal body 
present; (12) nuptial pad velvety; (13) two external subgular 
vocal sacs in males; (14) all fingertips expanded; (15) two 
palmar tubercles present; (16) inner metatarsal tubercle oval, 
outer metatarsal tubercle absent; (17) supernumerary 
tubercles absent. 

Description of holotype (all measurements in mm; see Table 1): 
GXNU YU110005, adult male (SVL 39.5 mm); head longer 
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Figure 1 Collection site of Amolops tuanjieensis sp. nov. from Yunnan, China (A) and Bayesian phylogram of Amolops species inferred 
from a combination of 16S rRNA, CO1, and ND2 (B). Dorsal (C) and ventral (D) views of holotype of Amolops tuanjieensis sp. nov. (GXNU 
YU110005) in preservative. Ventral view of hand (E) and foot (F) of holotype in preservative. Dorsal (G) and lateral (H) views of paratype of 
Amolops tuanjieensis (GXNU YU110034) in life and dorsal (I) and ventral (J) views of paratype (GXNU YU110034) in preservative Numbers 
above branches are Bayesian posterior probabilities (only values above 50% are shown). 
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Table 1 Measurements (mm) of holotype and paratypes of Amolops tuanjieensis sp. nov. 





GXNU GXNU GXNU GXNU GXNU 

YU110003 = YU110005(Holotype) YU110006 YU110007_ YU110034 
Sex g 3 3 g Q 
SVL (Snout-Vent Length) 60.7 39.5 40.4 57.3 56.8 
HL (Head Length) 20.2 13.7 14.7 18.6 18.6 
HW (Head Width) 20.1 11.7 12.9 18.0 18.1 
SL (Snout Length) 9.1 5.5 6.5 8.2 7.5 
IND (Internarial Distance) 6.4 4.4 4.3 6.2 6.4 
IOD (Interorbital Distance) 6.2 4.1 3.9 6.1 6.3 
UEW (Upper Eyelid Width) 5.6 4.0 4.0 4.3 4.5 
ED (Eye Diameter) 8.4 5.7 5.9 7.9 7.7 
TD (Tympanum Diameter) 3:1 2.7 2.6 2.6 2.1 
FHL (Forearm and Hand Length) 34.4 22.5 19.2 30.1 31.9 
THL (Thigh Length) 31.1 20.6 20.3 29.4 33.7 
TL (Tibia Length) 36.7 24.1 24.8 35.7 37.0 
TFL (Length of Foot and Tarsus) 50.3 34.0 31.8 45.1 48.6 
FL (Foot Length) 28.3 18.3 19.1 26.0 29.7 
F3DSC (Horizontal Diameter of Digital Disc of Finger III) 3.1 1.9 1.6 2.3 3.1 





(HL 13.7 mm) than wide (HW 11.7 mm); snout obtusely 
pointed, projecting beyond margin of lower jaw; canthus 
rostralis distinct; loreal region sloping, concave; nostrils oval, 
lateral, closer to eye than snout tip; internarial distance (IND 
4.4 mm) larger than interorbital distance (IOD 4.1 mm); upper 
eyelid width (UEW 4.0 mm) narrower than interorbital space; 
tympanum distinct (TD 2.7 mm), less than half eye diameter 
(ED 5.7 mm); supratympanic fold indistinct; vomerine teeth in 
two oblique rows between choanae, closer to each other than 
to choanae; tongue attached anteriorly, cordiform deeply 
notched posteriorly (Figure 1C—D). 

Forelimbs moderately long with slender fingers; relative 
length of fingers I<II<IV<IIl; all fingertips expanded into discs 
with circummarginal grooves; webbing between fingers 
absent; subarticular tubercles prominent and rounded, formula 
1, 1, 2, 2; supernumerary tubercle present; two metacarpal 
tubercles, oval (Figure 1E). 

Hindlimbs long, tibiotarsal articulation reaching beyond tip of 
snout; tibia length (TL 24.1 mm) longer than thigh length (THL 
20.6 mm) and foot length (FL 18.3 mm); relative length of toes 
I<II<III<V<IV; all toe tips expanded into discs with 
circummarginal and transverse grooves; webbing between 
toes well developed, webbing formula I1—21I2—21I11—-2IV2-1V; 
subarticular tubercles distinct, formula 1, 1, 2, 3, 2; inner 
metatarsal tubercle prominent, oval; outer metatarsal tubercle 
absent; supernumerary tubercles absent (Figure 1F). 

Wide and flattened dorsolateral fold present; skin on dorsal 
and ventral surfaces smooth; dorsal limbs smooth; flanks 
granular; small warts above vent. 

Color of holotype in life: Top of head and dorsum brown-red 
with irregular gray and dark spots; side of head black, from tip 
of snout, diffusing posteriorly to axilla, continuing as black 
streak below edge of dorsolateral fold; golden upper lip stripe 
extending to axilla; narrow golden stripe along above edge of 


190 www.zoores.ac.cn 


dorsolateral fold; limbs dorsally brown with dark brown bars 
and irregular dark brown blotches; upper part of flanks green 
with dark blotches, lower part of flanks white with large dark 
blotches. 

Color of holotype in preservative: Top of head and dorsum 
red-black; dorsal surface of limbs yellow with black bands; 
dorsolateral fold gray-white; lateral faded to black; throat, 
chest, venter, and ventral surface of limbs light yellow, 
scattered with light blotches on chest (Figure 1C—F). 

Male secondary sexual characteristics: Adult males 
possess nuptial pads covering dorsal surface of base of first 
finger; two external subgular vocal sacs with slit-like opening 
at posterior of jaw. 

Morphological variation: Measurements of holotype and 
paratypes are given in Table 1. The new species is sexually 
dimorphic, with females being obviously larger than males and 
having no vocal sacs or nuptial pads. Paratype GXNU 
YU110034 has more streaks on throat and chest than others 
(Figure 1G—J). 

Distribution and ecology: The new species is known only 
from the type locality (Supplementary Figure S1). The 
holotype and paratypes were found on leaves and small 
branches, less than 1 m above the ground along a stream. No 
tadpoles or vocal recordings were collected for the new 
species. 

Comparisons: Within the A. monticola group, the new 
species (SVL 39.5-40.4mm in males, 56.8-60.7 mm in 
females) is distinguishable from A. akhaorum (SVL 34.9- 
37.2mm in males), A. chakrataensis (SVL 55.0mm in 
females), A. chunganensis (SVL 34.0—-39.0 mm in males, SVL 
44.0-54.0 mm in females), A. daorum (SVL 34.8-38.1 mm in 
males, SVL 53.3-57.6 mm in females), and A. wenshanensis 
(SVL 35.7-39.9 mm in males, SVL 43.7-45.6 mm in females) 
by having larger body size and from A. aniqiaoensis (SVL 


52.0 mm in males), A. bellulus (SVL 45.9-50.1 mm in males, 
SVL 63.6 mm in females), A. cucae (SVL 40.7-44.6 mm in 
males, SVL 65.9-68.0mm in females), A. chayuensis 
(SVL>42.0 mm in males), and A. nyingchiensis (SVL 
48.5-58.3 mm in males) by having smaller body size. The new 
species further differs from A. akhaorum, A. aniqiaoensis, A. 
archotaphus, A. compotrix, A. cucae, A. chayuensis, A. 
daorum, A. iriodes, A. mengyangensis, A. mengdingensis, A. 
vitreus, and A. wenshanensis by dorsum red-brown (vs. 
green); from A. archotaphus and A. chunganensis by distinct 
dorsolateral folds present (vs. weakly developed); and from A. 
bellulus and A. nyingchiensis by vocal sacs present (vs. 
absent). Amolops tuanjieensis sp. nov. is further distinguished 
from A. chakrataensis by supratympanic fold absent (vs. 
distinct) and from A. archotaphus, A. compotrix, A. cucae, and 
A. vitreus by outer metatarsal tubercle absent (vs. present). 
The new species differs from A. gerbillus by distinct tympanum 
present (vs. small or indistinct) and finger webbing absent (vs. 
rudimentary webbing between fingers IIl and IV) and from A. 
monticola by dorsum brown-red (vs. dorsal surface brown or 
yellow), limb dorsally brown with dark brown bars (vs. upper 
surface of legs grayish, obscurely banded), and line from eye 
to glandular fold absent (vs. pale bluish line from eye along 
glandular fold present). 

Amolops tuanjieensis sp. nov. differs from members of the 
Amolops marmoratus group (A. afghanus (Gunther, 1858), A. 
marmoratus (Blyth, 1855), A. medogensis Li and Rao, 2005, 
A. indoburmanensis Dever, Fuiten, Konu and Wilkinson, 2012, 
and A. panhai Matsui and Nabhitabhata, 2006) by distinctive 
dorsolateral folds present (vs. absent). 

Compared to the Amolops mantzorum group, Amolops 
tuanjieensis sp. nov. can be easily distinguished from A. 
lifanensis (Liu, 1945), A. loloensis (Liu, 1950), A. mantzorum 
(David, 1872), A. tuberodepressus Liu and Yang, 2000, A. 
Xindugiao (Fei, Ye, Wang, and Jiang, 2017), and A. 
viridimaculatus (Jiang, 1983) by dorsolateral folds present (vs. 
absent in all) and from A. jinjiangensis Su, Yang, and Li, 1986, 
A. shuichengicus Lyu and Wang, 2019, and A. granulosus (Liu 
and Hu, 1961) by having two external vocal sacs (vs. vocal 
sac absent in A. jinjiangensis and A. shuichengicus and vocal 
sac internal in A. granulosus). 

In addition, Amolops tuanjieensis sp. nov. differs from 
Amolops caelumnoctis Rao & Wilkinson, 2007 and Amolops 
splendissimus Orlov & Ho, 2007, both of which occur in 
Yunnan but are not assigned to any species group, by having 
smaller body size (SVL 36.9-40.2 mm in males, SVL 64.3 mm 
in females vs. SVL 71.3-73.7 mm in males, SVL 78.0—90.6 
mm in females in A. caelumnoctis and SVL 62.6—75.6 mm in 
males, SVL 69.3-96.8 mm in females in A. splendissimus), 
dorsolateral folds present (vs. absent), white upper lip stripe 
present (vs. absent), two external subgular vocal sacs present 
(vs. vocal sac absent), and light yellow spots on dorsum 
absent (vs. numerous small light yellow spots on dorsum 
present in A. caelumnoctis and A. splendissimus). 

In China, there are ten other Amolops species that belong to 
three species groups, but are not distributed in Yunnan, 


including the A. ricketti group (A. albispinus Sung, Wang and 
Wang, 2016, A. ricketti, A. sinensis Lyu, Wang and Wang, 
2019, A. wuyiensis (Liu and Hu, 1975), A. yatseni Lyu, Wang 
and Wang, 2019, and A. yunkaiensis Lyu, Wang, Liu, Zeng 
and Wang, 2018), A. daiyunensis group (A. daiyunensis (Liu 
and Hu, 1975) and A. hongkongensis (Pope and Romer, 
1951)), and A. hainanensis group (A. hainanensis (Boulenger, 
1900) and A. torrentis (Smith, 1923)) according to Lyu et al. 
(2019a). Amolops tuanjieensis sp. nov. can be distinguished 
from these species by distinctive dorsolateral folds present 
(vs. absent). Moreover, the new species differs from A. 
albispinus, A. ricketti, A. sinensis, A. wuyiensis, A. yatseni, A. 
daiyunensis, A. hongkongensis, A. hainanensis, and A. 
torrentis by two external subgular vocal sacs present (vs. 
absent in A. albispinus, A. ricketti, A. sinensis, A. yatseni, and 
A. hainanensis, and two internal vocal sacs present in A. 
wuyiensis, A. daiyunensis, A. hongkongensis, and A. 
torrentis). 

Comments: In China, species of Amolops have been 
assigned to different species groups based on morphological 
characters (Fei et al., 2009). However, consistent with Lyu et 
al. (2019a), our phylogenetic analysis revealed that the 
division of some species groups needs further investigation. 
Firstly, A. chayuensis, which was placed in the A. monticola 
group by Sun et al. (2013) based on the presence of 
dorsolateral folds, did not group together with the clade 
consisting of the new species and other members of the same 
group, indicating that the A. monticola group is not 
monophyletic and that assignment of species groups based on 
dorsolateral folds only is problematic. Comprehensive 
morphological and molecular comparisons using A. monticola 
data are necessary to clarify the division of the A. monticola 
group. 

In addition to the problems at the species group level in 
Amolops, species diversity within this genus also needs 
further investigation. Amolops marmoratus, which has been 
confused with A. afghanus and A. indoburmanensis (Dever et 
al., 2012; Lyu et al., 2019a), is mainly distributed in southern 
Tibet, as well as Myanmar, Bangladesh, Nepal, and eastern 
Himalaya in India (Frost, 2019), with distribution in Thailand 
according to Chan-ard (2003). This species is certainly known 
from Myanmar, but the statuses of other populations remain 
problematic (Frost, 2019). In this study, we found that the 
genetic distance between A. marmoratus from Thailand and A. 
marmoratus from Myanmar reached 4.48% for the 16S 
sequences, indicating that A. marmoratus from Thailand 
possibly represents a cryptic species. 


NOMENCLATURAL ACTS REGISTRATION 


The electronic version of this article in portable document format represents 
a published work according to the International Commission on Zoological 
Nomenclature (ICZN), and hence the new names contained in the 
electronic version are effectively published under that Code from the 
electronic edition alone (see Articles 8.5-8.6 of the Code). This published 
work and the nomenclatural acts it contains have been registered in 
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ZooBank, the online registration system for the ICZN. The ZooBank LSIDs 
(Life Science Identifiers) can be resolved and the associated information 
can be viewed through any standard web browser by appending the LSID to 
the prefixhttp://zoobank.org/. 

Publication LSID: 
urn:lsid:zoobank.org:pub:473C9146-DD0F-47DC-B65E-15419876E314. 
Amolops tuanjieensis LSID: 
urn:lsid:zoobank.org:act:1D52BBEE-8306-485F-AF87-692B9F2C3547. 
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ZOOLOGICAL RESEARCH 


A new Species of the genus Sinomicrurus (Serpentes: 
Elapidae) from China and Vietnam 


DEAR EDITOR, 


A new species of Sinomicrurus Slowinski, Boundy, and 
Lawson, 2001 is described herein based on a series of 
specimens. The new species, Sinomicrurus peinani sp. nov., 
occurs in southern China and northern Vietnam. Sinomicrurus 
peinani sp. nov. is distinguished from its congeners by the 
following combination of characters: (1) 30-35 black cross- 
bands on body and tail; (2) 13 dorsal scale rows throughout, 
all smooth; (3) white belly with black cross-bands or irregular 
spots; (4) broad white transverse bar on top of head with 
inverted V-shaped anterior margin, white bar wider than 
anterior black bar; and (5) frontal V-like, 1.3 times as long as 
wide. In addition, new occurrences of S. houi in Guangxi, 
China, and Vietnam are discussed. 

Sinomicrurus Slowinski, Boundy, and Lawson, is a group of 
small to medium-sized Asian coral snakes (Slowinski et al., 
2001; Zhao, 2006). They are widely distributed in eastern and 
southeastern Asia, ranging from Nepal in the west to Japan in 
the east and from Hunan, China, in the north to Taiwan, 
China, in the south (Zhao, 2006). 

Previously, members of the genus Sinomicrurus were 
contained within Calliophis Gray (Slowinski et al., 2001; Zhao 
et al., 1998). However, phylogenetic analyses based on 
morphological characters and cytochrome b sequences 
suggested that the Asian coral snakes fell into three major 
clades (Slowinski et al., 2001). Thus, Slowinski et al. (2001) 
erected a new genus Sinomicrurus to accommodate the 
northern tropical/subtropical mainland species, including C. 
hatori (Takahashi, 1930), C. japonicas (Gunther, 1868), C. 
kelloggi (Pope, 1928), C. macclellandi (Reinhardt, 1844), and 
C. sauteri (Steindachner, 1913). Recently, Peng et al. (2018) 
described a new species from Hainan Island, China. Thus, six 
species are recognized presently within this genus. 

In recent decades, a series of field surveys have been 
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conducted in southern China (Guangxi) and Vietnam, 
involving the collection of several Sinomicrurus coral snakes. 
Further study based on morphological comparisons and 
genetic data indicated they were different from all putative 
species of this genus. Thus, we evaluated these specimens as 
a new species, which is described herein. 

Twenty-one specimens of Sinomicrurus collected from 
China were morphologically examined (Supplementary 
Appendix S1). Scalation, color pattern, and body proportions 
were recorded and measured. Measurements of body and tail 
lengths were taken with a ruler to the nearest 1 mm; other 
measurements were taken with a slide caliper to the nearest 
0.1 mm. Meristic characters were recorded on both sides. 
Ventral scales were counted following Dowling (1951). For 
comparison, characters of other Sinomicrurus species were 
taken from previous publications (Peng et al., 2018; Pope, 
1935; Stejneger, 1907; Zhao, 2006; Zhao et al., 1998). 

Abbreviations used for measurements and meristic 
characters are as follows: SVL (snout-vent length): distance 
between tip of snout and cloaca; TaL (tail length): distance 
between cloaca and tip of tail; DS: dorsal scales; VS: ventral 
scales; SC: subcaudal scales; IL: infralabials; SL: supralabials; 
Tem: temporals; Lo; Loreals; Poo: postoculars; Pro: 
preoculars; CB: number of cross-bands on body. All 
specimens are deposited in Yibin University (YBU), Sichuan, 
China. 

In total, 25 individuals representing three Chinese species 
and one unidentified taxon were sequenced and analyzed 
(Supplementary Appendix S2). Genomic DNA was extracted 
from liver samples preserved in 85% alcohol using Tissue 
DNA kits (Omega Bio-Tek, Inc., USA). A partial sequence for 
the mitochondrial cytochrome c oxidase | (CO/) was amplified 
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using the primer chmf/chmr and cycling parameters provided 
in Che et al. (2012). The double-stranded products were 
sequenced by a commercial company (Genewiz, China), with 
the sequences then edited manually using SeqMan_ in 
Lasergene v15.1 (DNASTAR Inc., USA) (GenBank accession 
Nos.: MN 685872—MN685896). An additional nine sequences 
representing S. sauteri, S. hatori, S. macclellandi, and S. 
kelloggi were retried from GenBank and added to the dataset 
for subsequent analyses (Supplementary Appendix S2). 
Micrurus nigrocinctus and M. lemniscatus were chosen as 
outgroups based on previous work (Pyron et al., 2013). 

We reconstructed phylogenetic relationships using Bayesian 
inference (BI) and Maximum likelihood (ML) methods. Prior to 
analyses, the optimal evolutionary models for each codon 
position were selected using PartitionFinder under Bayesian 
Information Criterion (BIC) (Lanfear et al., 2012). BI analysis 
was performed using MrBayes v3.2.2 (Ronquist et al., 2012). 
All searches were performed with two independent runs, with 
each initiating a random tree. Each run consisted of four 
Markov chains (three heated and one cold chain) estimated 
for 5x10 million generations and sampled every 2000 
generations, with 25% of initial samples discarded as burn-in. 
Convergence was assessed by examining effective sample 
sizes (ESS) (ESS>200) and likelihood plots through time in 
TRACER v1.4 (Rambaut & Drummond, 2007). The resulting 
trees were combined to calculate posterior probabilities (PP) 
for each node in a 50% maijority-rule consensus tree. The ML 
trees were constructed using RaxML v7.2.6 (Stamatakis, 
2008) with the GTRCAT model under the same partitioning 
scheme as Bayesian analysis. Branch support was assessed 
using 1000 non-parametric bootstrap (BS) topological 
replicates. Pairwise distances (P-distances) between in-group 
taxa were calculated in Mega 6.0 (Kumar et al., 2008; Tamura 
et al., 2013). 


Taxonomy 


Sinomicrurus peinani sp. nov. (Figure 1A—D; Table 1) 
Holotype: YBU 16086, adult female, from Cangwu County 
(N23.65°, E111.56°), Guangxi, China, elevation of ~30 m 
a.s.l.; collected on 05 June 2016. 

Paratypes (three specimens): YBU 16054, female; YBU 
16066, male; YBU 16067, female. Same locality and date as 
holotype. 

Diagnosis: All examined specimens possessed a small to 
medium-sized body, varying from 368 mm to 620 mm, as well 
as: (1) 30-35 black cross-bands on body and tail; (2) 13 
dorsal scale rows throughout, all smooth; (3) white belly with 
black speckles or bands; (4) broad white transverse bar on top 
of head with inverted V-shaped anterior margin, white bar 
wider than anterior black bar; and (5) frontal V-like, 1.3 times 
as long as wide. 

Description of holotype: Adult female. Total length 550 mm, 
tail length 45 mm. Body rather slender; head short, broad, and 
rounded with obtuse muzzle. Rostral trapezoidal, 1.5 times as 
broad as deep. Internasals large and square, slightly wider 


than long, in contact with each other and with rostral. 
Prefrontals pentagonal, length equal to width. Frontal V- 
shaped, nearly 1.3 times as long as wide. Supraoculars large, 
twice as long as broad, shorter than frontals. Parietals large, 
1.6 times as long as broad. Single loreal, large; one preocular, 
longer than wide; two postoculars, one below other. Two 
temporals, one behind other, in contact with supralabials. 
Seven supralabials on each side, third and fourth bordering 
eye. Six infralabials, second smallest, first four touching chin- 
shield; two pairs of chin-shields, in contact with each other. 

Dorsal scales in 13 rows throughout, all smooth. Ventrals 
219+4, cloaca scale divided. Subcaudals 28, paired; dorsal tail 
scale rows reduced from six to four at sixth subcaudal. Tail 
short and tip pointed. 

Dorsal surface brownish, with 27+3 regular, narrow, black 
transverse bands edged with yellow, each band in contact with 
cross-band on belly, forming closed ring. Quadrangular spots 
or irregular short bands between rings on belly. Black rings 
occasionally not reaching abdomen, forming half rings. Head 
black above with very broad white transverse bar behind eyes. 
Anterior margin inverted V-shaped white band, extending to 
prefrontals; posterior margin nearly straight, exceeding end of 
frontals; white bar wider than anterior black bar, yellowish 
white below, with 47+5 cross-bars or quadrangular spots. 
Ecological notes: The specimens were found in meadowland 
in bamboo forest (Figure 1A). An individual of Achalinus sp. 
was found in the stomach of Sinomicrurus peinani sp. nov. No 
data on diet or reproduction are available. 

Etymology: The species is named after Professor Pei-Nan 
Yu, a distinguished doctor in China, in recognition of his great 
contribution to the treatment of snakebite. We suggest the 
following common names for this species: “J FASE HR HA te” 
(Chinese) and Guangxi coral snake (English). 

Description of paratypes: The three paratypes are similar to 
the holotype in body color and pattern. A summary of the 
morphological and meristic data of the three paratypes is 
given in Table 1. 

Distribution: This species is currently known from China 
(Cangwu, Guangxi) and Vietnam (Cao Bang and Vinh Phuc). 
The speciemens from Vietnam were unavailable for 
examination, but molecular phylogeney indicated that they 
should be conspecific with those from Cangwu, Guangxi, 
China (Supplementary Appendix S3). 

Phylogenetic position: Both BI and ML analyses recovered a 
consistent topology, with slight disagreement in support values 
in some nodes (Figure 1C). In the BI tree, all individuals of 
Sinomicrurus formed a monophyly with high support (1.00 PP 
and 100% BS). Within Sinomicrurus, the two species (S. 
sauteri and S. hatori) endemic to Taiwan, China formed the 
basal lineage. Sinomicrurus kelloggi and the recently 
described S. houi Peng, Wang, Ding, Zhu, Luo, Yang, Huang, 
Lv, & Huang, 2017, formed a highly supported lineage (1.00 
PP and 100% BS). All putative individuals of S. macclellandi 
formed a monophyly with high support indices (1.00 PP and 
97% BS), which was sister to a well-supported monophyly 
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Figure 1 Holotype and phylogenetic position of Sinomicrurus peinani sp. nov. 

A: General view of holotype (YBU 16086) in life and habitat of new species Sinomicrurus peinani sp. nov. B: Dorsal and ventral views of holotype 
(YBU 16086) in preservative. C: Bayesian 50% majority-rule consensus tree inferred from CO/. Posterior probabilities and bootstrap support values 
for clades are shown adjacent to nodes to which they refer. D: Dorsal, ventral, and lateral views of head of holotype (YBU 16086) in preservative. E: 
Dorsal, ventral, and lateral views of head and ventral view of belly of Sinomicrurus macclellandi (YBU 14127) from Sichuan Province, China. 


Table 1 Morphological characters of the type specimens of Sinomcrurus peinani sp. nov. 











Specimens Sex SVL (mm) TaL (mm) DS vs SC IL SL Tem Lo Poo Pro CB 
YBU16086 F 550 45 13-13-13 210 28 7/7 6/6 1+1/1+1 0 2/2 1/1 27+3 
YBU16054 F 575 45 13-13-13 208 27 7/7 6/6 14+1/1+1 0 2/2 1/1 26+3 
YBU16066 M 335 33 13-13-13 217 28 7/7 6/6 1+1/1+1 0 2/2 1/1 -31+4 
YBU16067 F 500 49 13-13-13 225 28 7/7 6/6 1+1/1+1 0 2/2 1/1 32+4 
For abbreviations, see text. F: Female; M: Male. 

consisting of several individuals from Wuzhou and Guangxi, Uncorrected P-distances between each _ in-group 


China and from Vietnam with poor support (0.60 PP and 57% 
BS). However, unexpectedly, all samples of S. m. swinhoei 
(Denburgh) were nested within the nominated subspecies 
(Figure 1C). In addition, two specimens from Guangxi, China 
and Vietnam formed a well-supported clade (97% BS) with all 
samples of S. houi from Hainan, China. 
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taxa/lineage of Sinomicrurus ranged from 1.3% (between S. 
sauteri and S. hatori) to 14.6% (between S. houi and S. 
macclellandi) (Supplementary Appendix S4). 

Based on a combination of morphological comparisons and 
molecular phylogenies, we deemed these specimens to 
represent an undescribed species, which we described 


herein. 


Remarks 


DNA barcoding based on COI is widely applied for rapid and 
unambiguous identification of species and can be used to 
screen for potentially cryptic species (Che et al., 2012; Liu et 
al., 2015). Our results indicated that the genetic distances 
between the new species and its congeners were much higher 
than that between other congeners (Supplementary Appendix 
S4), as well as that between other snakes (Liu et al., 2015), 
indicating that Sinomicrurus peinani sp. nov. should sever as 
a specific rank. 

In addition to the large genetic distances between the new 
species and its congeners, Sinomicrurus peinani sp. nov. can 
also be differentiated by various phenotypic characters. The 
new species differs from S. sauteri, S. hatori, and S. japonicus 
by black longitudinal stripes on body absent (vs. present) 
(Gunther, 1868; Steindachner, 1913; Takahashi, 1930). 
Sinomicrurus peinani sp. nov. is distinct from S. houi and S. 
kelloggi by 13 rows of dorsal scales throughout (vs. 15) and 
broad white band on top of head (vs. two narrow white bands) 
(Peng et al., 2018; Pope, 1928; Smith, 1943). 

Sinomicrurus macclellandi currently contains four 
subspecies (Vogel, 2006). Besides the nominate form, which 
is mainly found in mainland China (Zhao, 2006), S. m. 
swinhoei (van Denburgh, 1912) is endemic to Taiwan, China, 
S. m. iwasakii (Maki, 1935) is endemic to Japan, and S. m. 
univirgatus (Gunther, 1868) occurs in India and Nepal. 
Sinomicrurus peinani sp. nov. differs from S. m. univirgatus 
by its different body pattern, with the latter having black 
vertebral strip and transverse bars restricted to sides of body, 
or absent altogether (Günther, 1868). Sinomicrurus peinani 
sp. nov. can be distinguished from the other three subspecies 
by broad white transverse band with inverted V-shaped 
anterior margin on top of head (vs. two white bands with 
straight margin) and V-shaped frontal (vs. spindle-shaped 
frontal), small and not closely arranged cross-bands and spots 
(Figure 1D) (vs. more closely arranged black cross-bands and 
spots on belly, such that abdomen appears dark black, Figure 
1E) (Reinhardt, 1844; Maki, 1935; van Denburgh, 1912; Zhao, 
2006). Sinomicrurus peinani sp. nov. can be distinguished 
from S. macclellandi by white band on top of head wider than 
anterior black band vs. white band generally as wide as 
anterior black band. Historically, several other names have 
been allied to S. macclellandi, e.g., Calliophis macclellandi 
gorei Wall, 1910 and Calliophis macclellandi concolor Wall, 
1925, with the first described from India and the latter 
described from Myanmar. Nevertheless, the new species 
differs from both by having black transverse bars on body (vs. 
without) (Wall, 1910, 1925). 

Sinomicrurus houi Peng, Wang, Ding, Zhu, Luo, Yang, 
Huang, Lv, & Huang was originally described only from 
Hainan, China and was thus regarded as endemic to that area 
(Peng et al., 2018). However, our molecular phylogenetic 
results suggested that several closely situated specimens 


from Guangxi, China and Vietnam formed a monophyly with S. 
houi from Hainan, China indicating that S. houi may occur on 
the Asian mainland and may not be endemic to Hainan, China 
alone. Unexpectedly, the S. m. swinhoei samples were nested 
within those from mainland China (S. m. macclellandi), 
indicating that the intraspecific relationship and taxonomy of S. 
macclellandi need to be further studied. 


NOMENCLATURAL ACTS REGISTRATION 


The electronic version of this article in portable document format represents 
a published work according to the International Commission on Zoological 
Nomenclature (ICZN), and hence the new names contained in the 
electronic version are effectively published under that Code from the 
electronic edition alone (see Articles 8.5-8.6 of the Code). This published 
work and the nomenclatural acts it contains have been registered in 
ZooBank, the online registration system for the ICZN. The ZooBank LSIDs 
(Life Science Identifiers) can be resolved and the associated information 
can be viewed through any standard web browser by appending the LSID to 
the prefixhttp://zoobank.org/. 

Publication LSID: 
urn:lsid:zoobank.org:pub:DB7 1 DFD6-4CE8-448C-8217-926E055D626E. 
Sinomicrurus peinani LSID: 

urn:|sid:zoobank.org:act:8FF 100CF-421D-4769-A343-D7B93B02DACC. 


SCIENTIFIC FIELD SURVEY PERMISSION INFORMATION 


This field survey was approved by the Department of Forestry of Guangxi 
Zhuang Autonomous Region, China and Vietnam Adiministration of 
Forestry (982/TCLN-BTTN). 


SUPPLEMENTARY DATA 


Supplementary data to this article can be found online. 


COMPETING INTERESTS 


The authors declare that they have no competing interests. 


AUTHORS’ CONTRIBUTIONS 


Q.L., P.G., and J.C. designed the study; P.G., J.W.Y., P.W., S.N.N., and 
R.W.M. collected specimens; P.G. collected morphological data; Q.L. and 
S.B.H. collected genetic data; Q.L. performed molecular and phylogenetic 
analyses and prepared the manuscript; P.G. and J.C. revised the 
manuscript. All authors read and approved the final version of the 


manuscript. 


ACKNOWLEDGEMENTS 


We appreciate P.L. Yu, Y.L. Xie, J.X. Yang, Z.J. Zhang, K. Jiang, N. Orlov, 
and K. Li for assistance in field work; M. Yu, D. Wang, J.Q. Jin, and H.M. 
Chen for assistance in lab work; G.H. Zhong for drawing the map; and K. 
Jiang for providing references. We thank the Department of Forestry of 
Guangxi for permission to undertake field survey. We would like to thank 
Vietnam Administration of Forestry issued the permit and provided local 
helps during the fieldwork. We extend our sincere gratitude to Amy Lathrop 
(Royal Ontario Museum, Canada) for the help during the tissue loan. 


Zoological Research 41(2): 194-198, 2020 197 


Qin Liu’, Jiao-Wen Yan’, Shao-Bing Hou®*, Ping Wang’, 
Sang Ngoc Nguyen®, Robert W. Murphy®, Jing Che*’, 
Peng Guo" 


1 College of Life Sciences and Food Engineering, Yibin University, 
Yibin, Sichuan 644007, China 

2 Fisheries, Animal & Veterinary Sciences Bureau of Cangwu 
County, Wuzhou, Guangxi 543115, China 

3 State Key Laboratory of Genetic Resources and Evolution, 
Kunming Institute of Zoology, Chinese Academy of Sciences, 
Kunming, Yunnan 650223, China 

4 Kunming College of Life Science, University of Chinese 
Academy of Sciences, Kunming, Yunnan 650204, China 

5 Institute of Tropical Biology, Vietnam Academy of Science and 
Technology (VAST), Ho Chi Minh City, Vietnam 

® Centre for Biodiversity and Conservation Biology, Royal Ontario 
Museum, Toronto, Ontario M5S 2C6, Canada 

*Corresponding authors, E-mail: chej@mail.kiz.ac.cn; 
ybguop@163.com 


REFERENCES 


Che J, Chen HM, Yang JX, Jin JQ, Jiang K, Yuan ZY, Murphy RW, Zhang 
YP. 2012. Universal COI primers for DNA barcoding amphibians. Molecular 
Ecology Resource, 12(2): 247-258. 

Dowling HG. 1951. A proposed standard system of counting ventrals in 
snakes. British Journal of Herpetology, 1(5): 97-99. 

Günther A. 1868. Sixth account of new species of snakes in the collection of 
the British Museum. Annals and Magazine of Natural History, 4(1): 
413-429. 

Kumar S, Nei M, Dudley J, Tamura K. 2008. MEGA: a biologist-centric 
software for evolutionary analysis of DNA and protein sequences. Briefings 
in Bioinformatics, 9(4): 299-306. 

Lanfear R, Calcott B, Ho SYW, Guindon S. 2012. PartitionFinder: combined 
selection of partitioning schemes and substitution models for phylogenetic 
analyses. Molecular Biology and Evolution, 29(6): 1695-1701. 

Liu Q, Zhu F, Zhong GH, Wang YY, Fang M, Xiao R, Cai YS, Guo P. 2015. 
COl-based barcoding of Chinese vipers (Reptilia: Squamata: Viperidae). 
Amphibia-Reptilia, 36(4): 361-372. 

Maki M. 1935. A new poisonous snake (Calliophis iwasakii) from Loo-Choo. 
Transactions of the Natural History Society of Formosa, Taihoku, 25: 
216-219. 

Peng LF, Wang LJ, Ding L, Zhu YW, Luo J, Yang DC, Huang RY, Lv SQ, 
Huang S. 2018. A new species of the genus Sinomicrurus Slowinski, 
Boundy and Lawson, 2001(Squamata: Elapidae) from Hainan Province, 
China. Asian Herpetological Research, 9(2): 65-73. 


198 www.zoores.ac.cn 


Pope CH. 1928. Seven new reptiles from Fukien Province, China. American 
Museum Novitates(320): 1-6. 

Pope CH. 1935. The Reptiles of China: Turtles, Crocodilians, Snakes, 
Lizards. New York: American Museum of Natural History. 

Pyron RA, Burbrink FT, Wiens JJ. 2013. A phylogeny and revised 
classification of Squamata, including 4161 species of lizards and snakes. 
BMC Evolutionary Biology, 13(1): 93. 

Rambaut A, Drummond AJ. 2007(2018-03-23). 
http://tree.bio.ed.ac.uk/software/tracer. 


Tracer v 1.4. 


Reinhardt JT. 1844. Description of a new species of venomous snake, 
Elaps Macclellandi. Calcutta Journal of Natural History, 4: 532-534. 
Ronquist F, Teslenko M, van der Mark P, Ayres DL, Darling A, Höhna S, 
Larget B, Liu L, Suchard MA, Huelsenbeck JP. 2012. MrBayes 3.2: efficient 
Bayesian phylogenetic inference and model choice across a large model 
space. Systematic Biology, 61 (3): 539-542. 

Slowinski JB, Boundy J, Lawson R. 2001. The phylogenetic relationships of 
Asian coral snakes (Elapidae: Calliophis and Maticora) based on 
morphological and molecular characters. Herpetologica, 57(2): 233-245. 
Smith MA. 1943. The Fauna of British India, Ceylon and Burma, Including 
the whole of the Indo-Chinese Sub-region. Reptilia and Amphibia, Vol. Ill, 
Serpentes. London: Taylor & Francis Ltd. 

Stamatakis A, Hoover P, Rougemont J. 2008. A rapid bootstrap algorithm 
for the RAxML web servers. Systematic Biology, 75(5): 758-771. 
Steindachner F. 1913. Uber zwei neue Schlangenarten aus Formosa. 
Anzeiger der Kaiserlichen Akademie der Wissenschaften in Wien, 
Mathematisch-Naturwissenschaftliche Klasse, 50: 218-220. 

Stejneger LH. 1907. Herpetology of Japan and Adjacent Territory. 
Washington: Bulletin of United States National Museum. 

Takahashi S. 1930. Synopsis of the Terrestrial Snakes of JapanTokyo: 
Shunyo-do. (in Japanese) 

Tamura K, Stecher G, Peterson D, Filipski A, Kumar S. 2013. MEGA6: 
molecular evolutionary genetics analysis version 6.0. Molecular Biology and 
Evolution, 30(12): 2725-2729. 

van Denburgh J. 1912. Concerning certain species of reptiles and 
amphibians from China, Japan, the Loo Choo Islands, and Formosa. 
Proceedings of the California Academy of Sciences, 3(10): 187-258. 

Vogel G. 2006. Venomous Snakes of Asia. Frankfurt am Main: Edition 
Chimaira. 

Wall F. 1910. Notes on snakes collected in Upper Assam. Part Il. The 
Journal of the Bombay Natural History Society, 19(4): 825-845. 

Wall F. 1925. Notes on snakes collected in Burma in 1924. The Journal of 
the Bombay Natural History Society, 30(4): 805-821. 

Zhao EM, Huang MH, Zong Y. 1998. Fauna Sinica: Reptilia Vol. 3. 
Squamata Serpentes. Beijing: Science Press. (in Chinese) 

Zhao EM. 2006. Snakes of China (I). Hefei: Anhui Sciences and 
Technology Publishing House. (in Chinese) 


ZOOLOGICAL RESEARCH 


Preliminary study on fine structures of subcortical 
nuclei in rhesus monkeys by ex vivo 9.4 T MRI 


DEAR EDITOR, 


Changes in fine structures of the brain over a life span can 
have robust effects on neural activity and brain function, which 
both play crucial roles in neurodegenerative diseases. 
Clinically, however, low-resolution MRI only provides limited 
information about fine brain structures. Here, using high- 
resolution 9.4 T MRI, we established a set of structural images 
and explored the fine structures of the claustrum, 
hippocampus, amygdala complex, and subregions of the 
amygdala complex (BLA, including lateral, basal, and 
accessory basal subnuclei) in rhesus macaque (Macaca 
mulatta) brains. Based on these high-resolution images, we 
were able to discriminate the subregional boundaries 
accurately and, at the same time, obtain the volume of each 
brain nuclei. Thus, advanced high-resolution 9.4 T MRI not 
only provides a new strategy for early diagnosis of 
neurodegenerative diseases, but also provides the ability to 
observe fine structural changes in the brain across a life span. 

The basolateral complex of the amygdala (BLA), including 
the lateral, basal, and accessory basal subnuclei, is an 
important region receiving information from the cortex and 
subcortical nuclei, including the hippocampus, and transferring 
information to other parts of the amygdala (Huang et al., 2013; 
Pikkarainen et al., 1999; Sah et al., 2003; Saunders et al., 
1988). Neuroimaging studies have significantly expanded our 
knowledge of brain structure and function during postnatal 
development and aging, as well as the progression of 
neurological and psychological disorders (Knickmeyer et al., 
2010; Shaw et al., 2008; Sowell et al., 2002a, 2002b). The 
introduction of 9.4 T MRI technology has greatly facilitated 
subcortical classification of brain regions with fine dimensions 
(Kwan et al., 2017). With its high resolution, we can accurately 
discriminate subregional boundaries and obtain the volume of 
each brain nucleus. As an advanced imaging device, 9.4 T MRI 
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provides a new strategy for the early diagnosis of 
neurodegenerative diseases and can further clarify fine 
structural changes in the central nervous system over a life 
span. 

Three female rhesus monkeys aged from 12 to 20 years old 
were used in this study. Postmortem brains of the monkeys 
were provided by the Kunming Primate Research Center 
(KPRC) of the Chinese Academy of Sciences (CAS). Details 
on age and brain volume are provided in Table 1. The brains 
were acquired following approved protocols from the Kunming 
Institute of Zoology (KIZ), CAS. Briefly, the monkeys were 
deeply anesthetized with an overdose of sodium pentobarbital 
(50 mg/kg i.m.) and perfused transcardially with 0.9% saline 
followed by 10% buffered formalin. The brains were removed 
from the skulls and submerged in a 500 mL solution of 4% 
paraformaldehyde (PFA). Each brain was positioned in an 
oval-shaped container filled with FOMBLIN® 
perfluoropolyether (Solvay Specialty Polymers, Italy). The 
container was generated by 3D printing and was adapted to 
the outer surface of the brain so that the brain tissue was held 
steady during scanning. Brains immersed in 
perfluoropolyether were vacuumed for at least 3 d under 0.1 
atmospheric pressure to remove all air bubbles in the sample 
before the MRI scans. One half of each brain was selected 
and cut into 50 um sections through the amygdala along the 
horizontal plane. Sections were stained with Cresyl violet. All 
animal care and experimental procedures were carried out in 
strict accordance with the guidelines for the National Care and 
Use of Animals approved by the National Animal Research 
Authority (China) and the Institutional Animal Care and Use 
Committee (IACUC) of KIZ, CAS, and were approved by the 
Ethics Committee of KIZ and KPRC, KIZ, CAS (AAALAC 
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Table 1 Specimen information 








Brai Cerebell Lateral Basal ACCESSO 
> rain erebellum ; 
ey A ellie: volé Hippocampus Amygdala nucleus (L) nucleus (B) nae nucleus Claustrum 
ears 3 

(mL) (cm) Left Right Left Right Left Right Left Right Left Right Left Right 
05076 12 73 8.02 482.868 477.4 192.81 196.56 54.34 61.74 36.71 42.48 59.2 60.68 170.345 176.97 
00006 18 93 8.57 528.901 539.1 193.62 204.06 50.46 58.59 46.22 44.61 61.72 60.67 200.424 182.19 
98374 20.3 93 8.22 528.901 560.6 253.79 262.58 63.51 70.98 38.82 38.45 66.24 67.37 172.501 186.77 


accredited). 

MRI was performed on a 9.4 Tesla 40 cm MRI system (a 
superconducting magnet of 9.4 T/400 PS, Agilent Inc., USA, 
equipped with Avance HD BioSpec console, Bruker BioSpin 
MRI GmbH, Germany) with a patented transceiver coil. To 
acquire high-quality MRI images, a newly patented conformal 
radiofrequency (RF) coil (Chinese Patent application 
201710191106.8) based on the standard quadrature RF 
excitation/receive configuration was used. To achieve high 
sensitivity, the coil was designed with half open brain- 
conformal surface mode and composed of 16 distributed 
resonant elements with quadrature ports. Therefore, only one 
1H channel was used but with sufficient sensitivity for high- 
resolution imaging. The maximal inner diameter of the coil was 
95 mm, which is appropriate to hold the container and produce 
RF-illuminating volume for the entire brain. 

For each macaque brain, T»* weighted images of FLASH 
(Fast Low Angle Shot) 2D and 3D sequences were acquired. 
The 2D images were acquired with the following settings: 
TR/TE=2 900 ms/14 ms, flip angle=80°, resolution=208 
umx182 um, slice thickness=0.5 mm, matrix size=384x384, 
104 slices, acquisition time=18 m 30 s, band kHz. The FLASH 
2D images were acquired eight times separately and 
averaged to achieve high-resolution images with a better 
signal-to-noise ratio (SNR). For the 3D images, the following 
settings were applied: TR/TE=45 ms/13 ms, flip angle=10°, 
voxel size=155 umx155 umx155 um, matrix size=515x420x 
354, acquisition time=1 h 51 m 30 s, band kHz. 

Currently, there is no precedent for subfield segmentation of 
the amygdala. In addition, standard analysis software cannot 
perform automatic segmentation of the amygdala subfields at 
the above resolution. Manual segmentation of 9.4 T images 
can be achieved with reference to an atlas (Saleem & 
Logothetis, 2012) using the ITK-SNAP package. Here, MRI 
segmentation of the hippocampus, amygdala, basolateral 
complex in the amygdala (BLA, including the lateral, basal, 
and accessory basal nuclei), and claustrum were manually 
performed with reference to the atlas “A Combined MRI and 
Histology Atlas of the Rhesus Monkey Brain in Stereotaxic 
Coordinates” (Saleem & Logothetis, 2012). The atlas, which 
also contains histological sections and images, clearly shows 
the boundaries of each nucleus for segmentation. The 
segmented regions were only regions of interest (ROI) and did 
not exactly match specific histological nuclei. The subregions 
of interest in the amygdala (SROI) were close to the BLA 
(ROls of lateral nucleus, basal nucleus, and accessory basal 
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nucleus, briefly denoted as L, B, AB, and claustrum). 

To segment the fine structures on MRI images correctly, 
both MRI resolution and contrast are crucial parameters. 
Compared to histological sections before (Figure 1B, middle 
panel) and after staining (Figure 1B, right panel), the shapes 
of the subfields in the amygdala on MRIs closely matched 
those of the subfields in the corresponding histological 
staining section. This finding laid the foundation for our 
segmentation of MRI images. After 9.4 T MRI segmentation, 
we obtained a more accurate nucleus volume than that 
achieved using 3 T MRI, which was limited by voxel-like 
reconstruction (voxel size=310 wumx310 umx300 um) 
(Figure 1A). Image intensity was corrected to remove bias 
before quantitative image segmentation. Image contrast 
between the amygdala, hippocampus, and claustrum 
(Figure 1A) was sufficient to identify the landmarks of their 
structures; however, it was difficult to distinguish the 
boundaries of each subfield in the BLA and claustrum from the 
3 T MRI images (UMR 790 United Imaging Inc., China). The 
3D T2 sequences at 3T were acquired with the following 
settings: TR=2 500 ms, TE=440.8 ms, flip angle=58°, 
averages=2, time=30 min, echo chain length=120, matrix 
size=512x512x300, FOV=80 mmx80 mm, voxel size: 
800 umx800 umx800 um. At the same time, by comparing the 
histological sections with the MRI images, we found that the 
MRI images exhibited strong similarity with images from low 
magnification microscopy. With 3 T MRI images, this could be 
helpful for locating the boundaries of deep brain nuclei due to 
the large volume of brain tissue in non-human primates. 
However, in order to explore the spatial location of deep nuclei 
in the brain, high-resolution MRI is also necessary. 

To discriminate the fine structures of the subcortical nuclei, 
the ROIs of the hippocampus, amygdala, and BLA were 
segmented and depicted (Figure 1C). The boundaries of the 
sROIs were manually delineated for each image in the 
horizontal plane. The volumes of the sROls were then 
obtained in ITK-SNAP after completing segmentation. As the 
sample brains were formalin-fixed and firmly attached in the 
device during the MRI scans, there were no respiratory 
disturbances, as are found in live monkeys, so averaging the 
multiple scans significantly improved the SNR. Thus, the 
volumes of the hippocampus, amygdala, claustrum, and 
amygdala subfields were more precise using the 9.4 T MRI 
images due to the higher resolution and smaller error of the 
ultra-high magnetic field strength. 

In this study, using ultra-high-resolution 9.4 T MRI, we 


9.4T Bright field Crystal violet 


Apm 


9.4 T 





Figure 1 Comparison of 3 T and 9.4 T MRI images of rhesus monkey brains 

A: MRI images of coronal (top row), sagittal (middle row), and horizontal (bottom row) planes acquired at 3 T 3D FLASH (left column) and 9.4 T 3D 
FLASH (right column). Red arrows indicate location of amygdala. Amygdala subfields are more easily identified on 9.4 T MRI images than on 3 T 
MRI images. Region (reconstruction voxel size: 310 ymx310 umx300 um, yellow arrow) of claustrum is obscured in 3 T MRI slice, especially right 
side of brain. In contrast, 9.4 T MRI images (voxel size: 155 umx155 umx155 um, red arrow) easily show boundary of claustrum. B: Representative 
images of 9.4 T 2D FLASH MRI, bright field (black background), and crystal violet staining of right amygdala at each age stage. One monkey brain 
from each age group was selected for section staining. Each row represents right-side of amygdala of sample brain, which was cut and 
photographed. Left column shows horizontal MRI images close to position of sections in middle column. Middle column shows sections before 
staining. Staining of ROIs in red frame is shown in right column. Subnuclei in amygdala can be seen clearly on MRI images and sections before and 
after crystal violet staining (amygdala subfield: L: Lateral nuclei, B: Basal nuclei, AB: Accessory basal nuclei). Scale bars: 1 mm. C: Manual 
segmentation of amygdala and hippocampus. With high-resolution, 9.4 T MRI images show clear boundaries of each amygdala subregion. 3D 
models show exact positions of bilateral amygdala and hippocampus in monkey brains. 


observed the fine structures in the amygdala, hippocampus, 
and BLA in the rhesus macaque brain. In contrast, the fine 
structures were not sufficiently clear for segmentation when 
using 3 T MRI. Clinically, psychological disturbances related to 
emotion and memory usually involve the amygdala, 
hippocampus, and their association (Sharp 2017; Yang & 
Wang, 2017). The BLA is the information entrance to the 


amygdala from the cortex and subcortical regions, such as the 
hippocampus. The lateral nucleus in the BLA is responsible for 
receiving extrinsic sensory information from the sensory 
thalamus and sensory cortices, and for output to other 
amygdala nuclei, including the basal and accessory basal 
nuclei (Janak & Tye, 2015; Pitkanen & Amaral, 1998). The 
BLA has reciprocal connections with the cortex and 
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hippocampus, and thus information from the BLA can have a 
broad influence throughout the cortex (Saunders et al., 1988). 
Thus, by segmentation of all deep nuclei within fine brain 
structures, we can accurately obtain their volumes. 

The current study was based on high-resolution 9.4 T MRI 
scans of ex-vivo rhesus macaque brains. The next step will be 
to undertake anatomical research of rhesus macaque brains 
in-vivo and to obtain high-resolution MRI images over their 
entire lifespan. Such research can supplement histological 
studies, which can lose information on fine structural changes 
over long periods of time. In addition, because of the large 
volume of brain tissue in rhesus monkeys, tissue removal by 
optical techniques is not ideal for understanding the spatial 
structures of deep brain nuclei. Therefore, high-resolution MRI 
images are essential for studying the fine structures of the 
brain, especially deep nuclei. 

In conclusion, our findings suggest that the use of ultra- 
high-resolution MRI images to display the microstructures of 
the brain is an essential technique. In the future, it would be 
interesting to identify the connections among subcortical 
nuclei in the brains of live macaques following behavioral 
training and testing using simultaneous fMRI. 
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Hyperactive reactive oxygen species impair function of 
porcine Sertoli cells via suppression of surface protein 


ITGB1 and connexin-43 


DEAR EDITOR, 


Gap junctions regulate intercellular communication between 
Sertoli cells and germ cells in male testes and play vital 
functions in spermatogenesis. Many factors in animal breeding 
and husbandry can induce oxidative stress, which can impair 
the testis microenvironment and male animal fertility. 
However, the underlying mechanisms are largely unknown. 
Recently, we identified that androgen signals promote the 
expression of connexin-43 (Cx43), a key component of gap 
junctions, to regulate spermatogenesis. Thus, we asked 
whether hyperactive reactive oxygen species (ROS) can 
impair gap junctions by interfering with Cx43 in porcine testes. 
Using a porcine Sertoli cell in vitro system, we found that 
hyperactive ROS caused extensive apoptosis in Sertoli cells, 
remarkable decrease in Cx43 expression, and failed 
maintenance of co-cultured spermatogonial stem cells (SSCs), 
indicating that ROS impaired the function of Sertoli cells and 
promoted loss of SSCs. This observation provides a possible 
mechanism for the impact of ROS on fertility of male animals. 
As germline stem cells residing in the testicular basal 
membrane, SSCs are responsible for producing functional 
sperm (Shinohara et al., 1999). The capacity of 
spermatogenesis determines the fertility of male animals. One 
spermatogonial stem cell in the seminiferous tubules is 
embraced by two Sertoli cells to form a unique structure called 
a niche. The testicular microenvironment is composed of 
several types of supporting cells. For example, specialized 
Sertoli cells are located at the base of testicular seminiferous 
tubules and exhibit multiple functions, such as protection of 
SSCs and provision of extrinsic signals for spermatogenesis 
(Naughton, 2006), Moreover, they promote germ-cell 
differentiation, meiosis, and transformation into spermatozoa 
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(Phillips et al., 2010). Therefore, it is important to understand 
the physiological and metabolic characteristics of Sertoli cells 
in male reproduction. Many types of intercellular interactions 
between SSCs and Sertoli cells have been identified, including 
gap junctions (Xia et al., 2005). Gap junctions are a type of 
cellular interaction involved in diverse biological processes. 
They are closely related to spermatogenesis, with earlier 
studies revealing potential signaling pathways that influence 
the fate of spermatogonia and spermatocytes in differentiation 
and migration (Xia et al., 2005). Cx43 is an important gap 
junction protein (Laird et al., 1991). Cx43 is synthesized and 
trafficked through the endoplasmic reticulum like a typical 
integral membrane protein (Musil & Goodenough, 1993), and 
has been identified as a pivotal molecule regulating blood- 
testis barrier dynamics (Li et al., 2009). These observations 
indicate that Cx43 in Sertoli cells is closely associated with 
spermatogenesis. 

Among the many harmful factors impacting livestock 
reproduction, oxidative stress has been well studied. ROS 
have been shown to decrease sperm and oocyte quality in 
rodents (Lane et al., 2014), porcines (Kang et al., 2013), 
bovines (Arias et al., 2017), and humans (Prasad et al., 2016). 
ROS exhibit diverse derivations, such as ultraviolet radiation, 
X-rays, gamma rays, and atmospheric pollutants (Nisar et al., 
2013). These various sources of ROS imply an inevitable 
threat to male fertility in animal breeding and husbandry. In 
addition to the impact on spermatogonia, oxidative stress also 
affects the function of Sertoli cells (Liu et al., 2018). Sertoli 
cells reside in the basal membrane of seminiferous tubules 
and regulate germ cell fate via direct interaction or release of 
signaling molecules (Johnson et al., 2008). Many regulatory 
patterns have been identified, i.e., androgen controls the 
permeability of the blood-testis barrier to regulate SSC 
differentiation (Meng et al., 2005). Our previous studies 





Received: 28 November 2019; Accepted: 05 March 2020; Online: 05 
March 2020 

Foundation items: This work was supported by a project funded by the 
Priority Academic Program Development of Jiangsu Higher Education 
Institutions (PAPD) and National Innovation and Entrepreneurship 
Training Program for Undergraduates (201910307021Y) 

DOI: 10.24272/j.issn.2095-8137.2020.024 


Zoological Research 41(2): 203-207, 2020 203 


revealed that androgen regulates ITGB1, a key molecule for 
SSC homing, via WT1 in Sertoli cells (Wang et al., 2019), and 
regulates Cx43 protein expression in Sertoli cells (Xia et al., 
2020). These observations suggest that androgen signaling 
participates in the regulatory process of SSC fate via the 
intercellular molecules between Sertoli cells and SSCs. Thus, 
we asked whether oxidative stress affects these pivotal 
molecules in Sertoli cells, which directly influence 
spermatogonia fate. 

Here, we investigated the impact of oxidative stress on 
Sertoli cells using an in vitro system and determined the 
expression of Sertoli cell markers and apoptosis ratio. The 
results demonstrated that the hyperactive ROS disturbed the 
expression of Cx43 in Sertoli cells and affected the co-cultured 
SSCs in this system, suggesting that the hyperactive ROS 
impaired the function of Cx43. The detailed materials and 
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methods are available in the Supplementary Online file. 

After purification differential adhesion and hypotonic 
treatment to remove germ cells, followed by 24 h culture, 
Sertoli cells displayed polygonal morphology and the nucleus 
was clearly visible (Figure 1A). Reverse Transcription- 
polymerase chain reaction (RT-PCR) verified the expression 
of Sertoli cell markers Cx43, WT1, AMH, and SOX9 
(Figure 1B). The expression of WT1 was also detected using 
immunofluorescence to identify the purity of the isolated cells 
(Figures 1C-F). Statistical analysis revealed that the purity of 
the Sertoli cells was over 80% (Figure 1G). Collectively, 
purified Sertoli cells from 7-d-old porcines were obtained. 

To investigate the impact of ROS on Sertoli cell growth 
status, 1x10° Sertoli cells cultured in 24-well plates were 
supplemented with various doses of H20O,. No obvious 
morphological changes were observed at low H20, doses (10 
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Figure 1 Hyperactive reactive oxygen species (ROS) disturbed expression of Cx43 in Sertoli cells and affected co-cultured SSCs 

A: Purified Sertoli cells were plated on dishes for culture. B: Expression levels of Sertoli cell markers, Cx43, WT1, AMH, and Sox9, were detected in 
purified Sertoli cells by RT-PCR, n=3. C-F: Purity of Sertoli cells was determined using IF staining against WT1 (C: Bright field; D: WT1; E: DAPI; F: 
Merge). G: Percentage of WT1* cells is presented as mean percentagetSEM, n=5. H: Morphology of Sertoli cells treated with 0, 50 umol/L H203, 
100 u mol/L H203, or 500 pmol/L H20; is shown. |, J: Images of DCFH-DA fluorescence were taken for positive control group (Rosup provided by 
the Reactive Oxygen Species Assay Kit, Beyotime) (1) and 50 umol/L H203-treated group, n=5 (J). K: Apoptosis signal detection using Annexin V- 
FITC/PI kit. PBS- and 50 pmol/L H2O,-treated groups, n=5. L: ROS levels in Sertoli cells treated with different concentrations of H202 (5, 10, 20, 50, 
or 100 pmol/L, n=3) were analyzed by flow cytometry. M, N: Sertoli cells treated with PBS or 50 umol/L H20; for 48 h were harvested to detect 
protein levels of WT1, ITGB1, and Cx43 using Western blotting, with data presented as means+SEM, n=3, **: P<0.01 (N). O: Schematic of Sertoli 
cell and SSC co-culture system. P, Q: Morphology of co-culture of SSCs maintained with PBS- (P) or H202- (Q) treated Sertoli cells for 48 h is 
displayed. R: Number of SSCs in PBS- or HO,-treated Sertoli cells was statistically analyzed, n=3. S, T: Protein levels of DDX4, GFRA1, and PLZF 
in PBS- and H,0,-treated SSCs were analyzed using Western blotting; Data are presented as mean percentage+SEM, n=3, *: P<0.05, **: P<0.01 
(t-test) (T). Scale bars: 20 um. 


umol/L and 20 umol/L, data not shown). However, as the 
dosage increased, cell number decreased and cell 
morphology changed and began to shrink. Obvious impact on 
cell morphology was observed at a H20, concentration of 50 


Subsequently, the Sertoli cells (1x10*) were stained with 
Annexin V-FITC/PI for apoptosis ratio analysis under ROS 
stress. We found that when cells were treated with 50 mol/L 
H203, the number of apoptotic cells increased significantly 


umol/L. The cell structure also changed, with a large number 
of cells showing atrophy when the H20; concentration 
increased to 100 umol/L, and extensive Sertoli cell death 
observed when the H,O, concentration increased to 500 
umol/L (Figure 1H). We then performed dichloro-dihydro- 
fluorescein diacetate (DCFH-DA) fluorescent dye staining to 
detect ROS levels; however, only a weak ROS signal was 
detected at the dose of 50 wumol/L H20, (Figure 1l, J). 


(Figure 1K). In addition, many necrotic cells were observed in 
the group treated with 250 umol/L H20, (data not shown), 
indicating that a high dose of H20; was lethal to Sertoli cells. 
We further clarified the dosage effect of H20, on Sertoli cells 
using flow cytometry. Two major populations were observed 
based on ROS levels, with the proportion of the higher-level 
ROS population increasing in the 20 umol/L H202 group, but 
decreasing in the 50 pmol/L H2O and 100 pmol/L H202 
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groups (Figure 1L). This was likely due to increasing ROS 
levels causing extensive death of Sertoli cells. It is also worth 
noting that the induced ROS signal clearly appeared under 5 
umol/L H20, (Figure 1L), indicating that Sertoli cells were 
sensitive to H20, stimulation. 

As a key gap junction protein, the expression level of Cx43 
is closely related to Sertoli cell function (Xia et al., 2005). 
Thus, we treated Sertoli cells with phosphate-buffered saline 
(PBS) or 50 umol/L H20; for 48 h to test the possible effects of 
ROS on Cx43 expression. Western blotting revealed that 
Cx43 expression was significantly down-regulated in the 50 
umol/L H,O,-treated group compared with the PBS-treated 
group (Figure 1M). In addition, the expression levels of WT1, a 
Sertoli cell marker, and ITGB1, a key surface molecule for 
Sertoli cell-SSC interaction, were significantly decreased 
(Figure 1M, N). Collectively, these observations indicate that 
the structure and function of Sertoli cells were impaired under 
ROS stress. 

As an important component of the testicular 
microenvironment, the damage induced by H20, should affect 
SSC maintenance. To test this hypothesis, Sertoli cells were 
treated with PBS or 50 umol/L H,O, for 24 h and then co- 
cultured with purified SSCs for 48 h (Figure 10). Compared 
with the PBS-treated group, the number of SSCs decreased 
significantly in the H2O.-treated group (Figure 1P, R). Further 
analysis demonstrated that the expression levels of SSC 
markers GFRA1 and PLZF were down-regulated after H203 
treatment (Figure 1S, T), thus indicating that the number of 
undifferentiated spermatogonia was reduced. However, there 
was no significant difference in the level of DDX4 in the PBS 
and H20, treatment groups, which may be due to an increase 
in the number of differentiated spermatogonia in the H20, 
treated group. These results suggest that the impaired Sertoli 
cells affected the maintenance of SSCs and probably led to 
differentiation. 

Although in vitro culture of porcine SSCs is still a 
challenging project, recent studies have taken a step forward 
in the long-term maintenance and establishment of porcine 
SSC lines (Sun et al., 2019). In this study, a co-culture system 
was used to explore the impact of a representative harmful 
factor, ROS, on Sertoli cell function. Although high levels of 
ROS in germlines are known to be risky, knowledge regarding 
the impact of ROS on Sertoli cells is limited. In particular, the 
influence on Sertoli cell-germ cell interactions remains poorly 
identified. This directly determines the capacity of 
spermatogenesis, as demonstrated by the successful 
establishment of tree shrew spermatogonial stem cells with 
Sertoli feeder cells in culture systems (Li et al., 2017). 

ROS are mainly produced by mitochondria during cell 
metabolism in various cell types (Scherz-Shouval et al., 2007). 
Studies have demonstrated that ROS play regulatory roles in 
various stem cells. For example, ROS are instantaneously 
generated during embryoid development and regulate 
cardiotypic development in embryonic stem cell-derived 
embryoid bodies (Sauer et al., 2000). ROS signaling regulates 
the cellular pathways involved in neuronal differentiation and 
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neuronal stem cell proliferation (Vieira et al., 2011). Increased 
ROS levels drive hematopoietic stem cell differentiation (Ludin 
et al., 2014). However, ROS may play very different roles in 
different types of stem cells. In some types of stem cells, ROS 
induce apoptosis, while in others, ROS may promote self- 
renewal. In male germlines, the effects of ROS are interesting. 
Although ROS are generally considered harmful to 
spermatogenesis, previous study has reported that the self- 
renewal of SSCs requires a certain level of ROS, with no 
significant effects observed at 30 pmol/L H203, but with 
proliferation inhibited by the addition of >100 umol/L H20, 
(Morimoto et al., 2015). However, our data revealed that even 
low doses of H2O, disturbed Sertoli cell maintenance and 
inhibited expression of key surface functional proteins, 
indicating that SSCs and Sertoli cells may have different 
tolerances to ROS stress. In the co-culture system, we 
observed a reduced number of SSCs maintained with H203- 
treated Sertoli cells. Expression levels of undifferentiated 
markers GFRA1 and PLZF decreased markedly, but total 
germ cell marker DDX4 was not altered. Based on our 
previous studies (Wang et al., 2019; Xia et al., 2020), loss of 
ITGB1 or Cx43 facilitates SSC differentiation. Thus, impaired 
Sertoli cell function by ROS can lead to loss of SSCs and 
promotion of SSC differentiation, and differentiated germ cells 
possibly compensate the expression of DDX4. Notably, some 
studies have reported that antioxidants, such as lycopene 
(Krishnamoorthy et al., 2013) and genistein (Zhang et al., 
2017), eliminate ROS in Sertoli cells and rescue 
spermatogenesis, indicating some potential ways to protect 
fertility of boars. 

Collectively, the impact of ROS on two pivotal surface 
proteins in Sertoli cells was revealed, and an in vitro model 
confirmed that this damage affected the maintenance of 
spermatogonia, implying potential damage to the testicular 
niche. However, further studies using in vivo models are 
required, including studies on the link between ROS dosage in 
Sertoli cells and SSC fate. 
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ZOOLOGICAL RESEARCH 


The anatomy of the skin of the Chinese tree shrew is 
very similar to that of human skin 


DEAR EDITOR, 


The Chinese tree shrew (Tupaia belangeri chinensis) is a 
small mammal closely related to primates. It has a small body 
size, low maintenance cost, and a relatively short reproductive 
cycle, all of which has made it the ideal model for the study of 
a variety of human diseases. In this study, we compared the 
anatomy of the skin of the Chinese tree shrew with that of the 
rhesus macaque, mouse and human, with the intention of 
providing the basic data required for the creation of skin 
disease models using this animal. Paraffin sections, 
hematoxylin-eosin (H&E) staining, masson staining and 
immunohistochemical techniques were used to examine the 
dorsal skin structure of the Chinese tree shrew. The epidermis 
was shown to be composed of 1-2 layers of cells. There were 
hair follicles, sebaceous glands and sweat glands in the 
dermis and the subcutaneous tissue, with apocrine glands 
being more common than eccrine glands. Both KeratinS 
(KRT5) and Keratin10 (KRT10) were expressed in the skin of 
the Chinese tree shrew, with a localization in the cytoplasm. 
Overall, the skin morphology and histology of the Chinese tree 
shrew was basically the same as that of the human. We 
propose that the Chinese tree shrew has a strong potential to 
be used for creating animal models to help elucidate the 
molecular mechanisms underlying a variety of skin diseases. 
Animal models have been used extensively with great 
benefit in the study of many human diseases (Yao et al., 
2015). To date, a variety of animals, including fruit fly, 
zebrafish, frog, mouse, rat, rabbit, dog, pig, and rhesus 
macaque, have been used in studies looking at a variety of 
human diseases (Buchholz, 2015; Buffalo et al., 2019; Jiang 
et al., 2011; Xue et al., 2014). Each animal has its own merits 
and disadvantages when considering the wide range of 
human skin disease. For example, rodents are commonly 
used in biomedical researches of skin, such as psoriatic 
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murine model induced by imiquimod (Chuang et al., 2018) and 
inflammatory mouse model of Behcet's disease induced by 
HSV-1 (Islam & Sohn, 2018), but the species disparity 
sometimes makes them difficult to extrapolate (van der Worp 
et al., 2010). Non-human primates (NHP), like rhesus 
macaques, are genetically closer to humans and have 
significant benefits in medical research (Buffalo et al., 2019; 
Zhang et al., 2014). NHP has been used to explore responses 
of Leishmania (Viannia) braziliensis cutaneous infection to N- 
methylglucamine antimoniate (Teva et al., 2005) and as 
SlVmac239-infected model for studying HIV infection (Zhang 
et al., 2019), to name a few. The NHP model has been proved 
to be the best model for biomedical researches. However, 
there are also some disadvantages of using NHP as the 
resources are not easy to obtain and the costs are relatively 
high. Therefore, there is an urgent need to find an appropriate 
animal which is not only genetically close to humans, but is 
also economic, easily obtainable and able to thrive in the 
laboratory. 

The Chinese tree shrew is a small mammal that has a rat- 
sized body size (100-150 g), a low-cost of maintenance, a 
short reproductive cycle, and a moderate life span (6-8 
years), as well as being closely related to primates (Fan et al., 
2019; Xu et al., 2012; Yao, 2017; Zheng et al., 2014). During 
the past five decades, the Chinese tree shrew has been used 
as an animal model in the study of infectious diseases, 
myopia, cancer, metabolic diseases, and brain disorders (Guo 
et al., 2019; Xiao et al., 2017; Yao, 2017; Zheng et al., 2014). 
These Chinese tree shrew studies have increased our 
understanding of the basic biology of life and the molecular 
mechanisms underlying disease (Yao, 2017). 

In this study, we examined the skin structure of the Chinese 
tree shrew and compared it to that of the rhesus macaque, 
mouse and human, to explore the potential for using the 
Chinese tree shrew in dermatological research. Chinese tree 
shrews were purchased from the Kunming Primate Research 
Center (KPRC) of the Chinese Academy of Sciences (CAS), 
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Kunming Institute of Zoology (KIZ), CAS. A total of six animals 
of different ages (1 month, and 1, 3, 4, 4.5 and 6 years old) 
were used. We also obtained the skin tissues of two rhesus 
macaques (age <1 month), which had died from diarrhea, 
from KPRC, KIZ, CAS. Six-week old C57BL/6 mice (n=3) were 
purchased from Shanghai SLAC Laboratory Animal Co., Ltd. 
Dorsal skin samples from these animals were fixed in 4% 
paraformaldehyde for later processing. All experimental 
procedures were performed according to the guidelines 
approved by the Institutional Review Board of KIZ, CAS 
(approved No. 2015-012). 

The dorsal skin samples, previously fixed in 4% 
paraformaldehyde, were paraffin embedded (vertical 
embedded) and 10-um-thick sections were cut from the tissue 
blocks. The tissue sections were treated with either H&E 
staining or masson staining (Masson's Trichrome Stain Kit 
(Solarbio, G1340, China)). For the immunohistochemical 
staining, the prepared 10um_ sections were dewaxed, 
rehydrated, washed with PBS, infiltrated in citrate buffer and 
heated for 30 min for antigen retrieval. After blocking and 
further incubation with primary antibodies at 4 °C overnight, 
the reaction was developed using the Super Vision two-step 
kit (Boster, SV0001, SV0002, USA) which included the 
secondary antibodies followed by DAB (Vector Laboratories, 
PK-4002, USA) staining. Harris hematoxylin (Baso, BA4041, 
China) was used for nuclear staining. Primary antibodies were 
Keratin 5 (D4U8Q) mAb (Cell Signaling Technology, #25807, 
USA) and Cytokeratin 10 (4A27) mAb (Santa Cruze 
Biotechnology, sc-70907, USA), and were used for staining 
KRT5 and KRT10 in skin tissue sections, respectively. 

The skin of the Chinese tree shrew was composed of 
epidermis, dermis and the subcutaneous tissue (Figure 1A). 
As is known to all that human epidermis is composed of 
stratum corneum, stratum granulosum, stratum spinosum and 
stratum basal (Paus & Cotsarelis, 1999; Tobin, 2006). 
However, the epidermis of the Chinese tree shrew only 
consisted of 1-2 layers of keratinocyte cells, which was 
thinner than that of the human, but similar to those of the 
rhesus macaque and the mouse (Figure 1A—D). There were 
basal cells in the skin tissue composition of tree shrews 
because they are required for the replacement of dead cells in 
the epidermis. The dermis of the Chinese tree shrew showed 
multiple fibroblast fibers, together with blood vessels, 
epidermal appendages and inflammatory cells (Figure 1A). 
Collagen fibers, arranged in bundles, were the main fibers in 
the dermis, and showed blue by masson staining (Figure 1A). 
The subcutaneous tissue of the Chinese tree shrew was 
composed of loose connective and adipose tissues, which 
connected dermis and muscles. There were many sweat 
glands in the subcutaneous tissue, of which apocrine glands 
accounted for the highest proportion (Figure 1A). The 
composition of the epidermis, dermis and appendages of the 
rhesus macaque was similar to that of the Chinese tree shrew 
(Figure 1A). 

The appendages of the Chinese tree shrew included hair 
follicles, sebaceous glands and sweat glands. Sweat glands 


and sebaceous glands increased in size and became more 
abundant with age (Figure 1E). The sweat glands were 
significantly distributed around the top of the hair bulbs 
(Figure 1E), just as eccrine sweat glands associated with the 
hair follicle within a defined compartment of dermal white 
adipose tissue in the human (Poblet et al., 2018), to form an 
“adnexal skin unit” along with the pilosebaceous unit. It was 
possible that there was some relationship between each 
component of this superstructure to form a common 
homeostatic tissue environment (Poblet et al., 2018). The 
mature hair follicles in the skin tissue of the Chinese tree 
shrew contained melanocytes. The sebaceous gland of the 
Chinese tree shrew was composed of acini and the short duct 
opening into the hair follicle as well as the epidermis 
(Figure 1E). However, in the human, the duct of the 
sebaceous gland normally opens into the hair follicle and goes 
directly into the epidermis under pathological conditions 
(Zouboulis et al., 2016). Surprisingly, the apocrine glands in 
the dorsal skin of the Chinese tree shrew were more 
prominent, while the eccrine glands were few (Figure 1E). This 
pattern was different to that seen in the rhesus macaque and 
human where eccrine glands are dominant (Best et al., 2019). 
By contrast, in the mouse eccrine glands are only present in 
the paw pad (Chee et al., 2017). The concentration of 
apocrine glands in the dorsal skin of the Chinese tree shrew 
may make it a suitable model animal for the study of apocrine 
gland-related diseases. In mammals, the hair follicle is a 
cyclical organ (Baker & Murray, 2012; Paus & Cotsarelis, 
1999), and this is the same in the Chinese tree shrew 
(Figure 1E). As the thickness of the epidermis changed in the 
hair follicle cycle, it was significantly thicker in the anagen than 
the telogen (Figure 1E, F). The arrector pili muscle in the skin 
of the rhesus macaque was more obvious than that of the 
Chinese tree shrew, while sweat glands were uncommon in 
the rhesus macaque (Figure 1A). The eccrine glands were the 
dominant sweat glands in the rhesus macaque (Figure 1G). In 
the dorsal skin sections taken from the mouse, there were 
almost no sweat glands, and the sebaceous glands were also 
not obvious (Figure 1B). 

Cytokeratin is a characteristic marker of epithelial cells and 
has a great significance in the epidermis and adnexal 
diseases (Moll et al., 1982). We studied the expression of 
KRT5 and KRT10 in the skin of the Chinese tree shrew. KRT5 
dimerizes with keratin 14 forming the intermediate filaments to 
make up the cytoskeleton of basal epithelial cells, and has an 
active role in epidermolysis bullosa simplex, Dowling-Degos 
disease and some other dermatologic diseases (Lane et al., 
1992; Tryon et al., 2019). KRT10 was observed in a group of 
tough, fibrous proteins that form the structural framework of 
keratinocytes and was produced in keratinocytes in the outer 
layer of the skin (Muller et al., 2006). KRT10 is associated with 
epidermolytic hyperkeratosis (Morais et al., 2009; March et al., 
2019). We found that KRT5 and KRT10 were both expressed 
in the skin of the Chinese tree shrew. Specifically, KRT5 was 
expressed in the whole epidermis except for the stratum 
corneum (Figure 1H), while KRT10 was expressed mainly in 
the outer layer of the epidermis (Figure 1H). In terms of the 


Zoological Research 41(2): 208-212, 2020 209 


epidermal appendages, KRT5 was expressed in the outer root 
sheath of hair follicles, sebaceous glands (especially in the 
basal cells in the outer layer) and sweat glands (the outer wall 
of the gland expressing more) (Figure 1H). In contrast, KRT10 
was expressed mainly in the follicular epithelium above the 
follicular infundibulum, sebaceous and sweat glands, 
especially in the internal wall of these glands (Figure 1H). The 
expression pattern showed that both KRT5 and KRT10 were 
expressed in the cytoplasm (Figure 1H). The expression 


A — Chinese tree shrew 
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Rhesus macaque B 


patterns of KRT5 and KRT10 in the skin of the Chinese tree 
shrew were similar to those observed in the rhesus macaque 
(Figure 1H) and human (Zhong et al., 2000). 

In conclusion, we showed that the skin histology of the 
Chinese tree shrew was generally like that of human skin. 
There was a consistent composition of epidermal appendages 
and a similar expression pattern of some keratins between the 
Chinese tree shrew and human. The similarity of the skin 
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Epidermal thickness (um) 
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Figure 1 Comparison of the skin morphology and histology, and KRT5 and KRT10 expression pattern of the Chinese tree shrew and 
rhesus macaque 

A: Hematoxylin and eosin (H&E) staining (upper) and masson staining (below) for the dorsal skin of the Chinese tree shrew and rhesus macaque. 
B: H&E staining for the dorsal skin of mouse. C: Cartoon of normal human skin. D: Comparison of the epidermal thickness among the Chinese tree 
shrew, rhesus macaque and mouse. The P-values were based on Student'’s t-test. E: H&E staining for the dorsal skin tissues of the Chinese tree 
shrews with different ages. The pilosebaceous unit and the apocrine glands were further demonstrated in the boxed skin tissues of the Chinese tree 
shrews of 4 years old and 4.5 years old, respectively. The hair follicle cycle in the skin tissues of 1-month old and 4 years old tree shrews indicated 
the late-anagen stage. F: Comparison of the epidermal thickness between telogen and anagen stages. ****: P<0.000 1, Student’s t-test. G: H&E 
staining for the eccrine gland of the Chinese tree shrew (upper) and rhesus macaque (below). H: The expression of KRT5 and KRT10 in the skin 
tissues of the Chinese tree shrew and rhesus macaque. The labeled abbreviations are hair follicle (HF), sebaceous gland (SG), apocrine gland 
(AG), eccrine gland (EG), arrector pili muscle (APM), and blood vessel (BV), tree shrew (TS), rhesus macaque (RM), mouse (M), telogen (T), 


anagen (A). 


structure of the Chinese tree shrew relative to non-human 
primates and human may provide a solid basis for using this 
animal in further studies of human skin diseases, following the 
recent study into creating a Chinese tree shrew model of basal 
cell carcinoma (Jiang et al., 2017) and successful genetic 
modifications of this animal (Li et al., 2017). All those features 
of the Chinese tree shrew have laid the foundation for the use 
of this animal as a model for the study of human skin 
diseases. 
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